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This  book  considers  the  methods  and  re¬ 
sults  of  experimental  investigation  of  tur¬ 
bine  cascades  and  stages,  means  of  thermal 
and  aerodynamic  calculation,  and  the  practi¬ 
cal  designing  of  stages  with  axial  gas  (cteam) 
flow.  Considerable  attention  is  allotted  to 
regulating  stages  of  various  types,  and  to 
the  intermediate  and  last  stages  of  gas  and 
condensing  steam  turbines.  The  influence  of 
humidity  on  blading  performance  of  a  stage  is 
considered.  The  book  uses  mainly  the  results 
of  investigations  conducted  at  the  MEI;  ma¬ 
terials  that  were  obtained  at  our  other  organi¬ 
zations  and  abroad  are  also  presented. 

This  book  is  intended  for  power  engineers 
engaged  in  the  study  of  steam  and  gas  tur¬ 
bines.  It  may  be  of  interest  in  many  respects 
also  to  scientists  and  engineers  who  are 
interested  in  vehicle  and  aircraft  turbines. 

The  book  may  be  of  use  to  students  taking 
advanced  courses  at  power  engineering  and  poly- 
technical  institutes. 
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PREFACE  j 

The  creation  of  new,  highly  effective,  steam  and  gas  turbines,  the  increase  of  | 

i 

efficiency  of  operational  turbine  units  —  the  most  important  task  of  power  equipment  J 

I 

construction  and  power  engineering  —  was  spec 5. ally  noted  in  the  resolutions  of  the  ; 

! 

XXII  Congress  of  the  CPSU.  Inasmuch  as  the  economy  of  a  turbine  is  determined  j 

mainly  by  the  economy  of  the  blading  and  its  main  element,  i.e.,  the  stage,  during  1 

the  last  few  years  the  efforts  of  many  scientific  and  educational  institutes,  labora-  \ 

I 

tories  and  design  bureaus  of  turbine  plants,  and  research  organizations  have  been  l! 

J 

directed  towards  the  study  and  Improvement  of  turbine  stages,  j 

> 

Experimental  and  theoretical  studies  In  this  field  were  conducted  and  are  now  , 

:i 

being  conducted  at  practically  all  turbine  plants:  the  Leningrad  Metallurgical 

f 

l 

Plant,  (named  in  honor  of  the  XXII  Congress  of  the  CPSU),  the  Kaluga  Turbine  Plant,  M 

the  V.  I,  Lenin  Machine-Building  Plant  in  Neva,  the  S.  M.  Kirov  Plants  in  Leningrad, 

Kirov,  and  Kharkov,  and  the  Ural  Turbomotor  Plant.  Much  has  been  done  in  this  area 
in  the  scientific  research  institutes:  the  I.  I,  Polzunov  TsKTI,  F.  E.  Dzerzhinskiy 
VTI,  the  ORGRES,  and  at  educational  institutes:  BITM,  KhPI,  LPI,  KAI,  and  others. 

Prom  our  bibliographic  sources  we  know  of  certain  results  of  investigations  made  by 
foreign  firms  and  laboratories. 

Theoretical  and  experimental  work  on  the  gas  dynamics  of  turbine  blading  In  j 

receiving  considerable  attention  form  the  Department  of  Steam  and  Gas  Turbines  of  the 
Moscow  Power  Engineering  Institute.  A  characteristic  of  the  activity  of  the  MEI  in 
this  area  is  the  close  association  of  studies  on  turbine  cascades  and  turbine  stages, 
which  is  terminated  by  working  out  a  combination  of  stage  cascades,  and  methods  of 
thermal  and  aerodynamic  calculation,  with  specific  practical  recommendations  to  plants. 

I  I 
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The  experimental  and  theoretical  results  that  have  accumulated  In  various  or¬ 
ganizations  require  systematic  analysis  and  generalization.  Therefore,  only  in  the 
last  few  years  did  there  appear  several  special  monographs  dedicated  to  this  problem 
(monographs  written  by  I.  I.  Kirillov  (BITM),  M.  Ye.  Deych  and  G.  S.  Samoylovich 
(MEI),  A.  M.  Zavadovskiy  (TsKTI),  G.  A.  Zal'fon  and  V.  V.  Zvyagintsev  (HZL),  and 
others ) . 

However,  as  a  rule,  the  generalizations  in  these  books  were  confined  to  the 
experience  of  one  laboratory  and  the  results  of  investigations  conducted  in  other 
organizations  were  not  used;  many  problems  in  general  were  not  studied  or  were  con¬ 
sidered  only  briefly;  frequently  there  was  no  relation  between  the  work  conducted 
on  stages  and  cascades,  without  which,  of  course,  it  is  impossible  to  analyze  the 
results  of  tests,  and  all  the  more  so,  it  is  impossible  to  create  new  combinations 
of  turbine  stages. 

In  the  writing  of  this  book  the  authors  have  attempted  to  avoid  the  above-noted 
shortcomings.  Here  we  have  widely  used  not  only  the  works  conducted  at  the  MEI,  but 
also,  as  much  as  possible,  the  results  of  investigations  conducted  in  other  organi¬ 
zations  and  abroad.  One  should  note  here  the  difficulties  connected  with  the  fact 
that  a  number  of  published  articles  and  books  did  not  always  mention  all  the  para¬ 
meters  for  which  one  experiment  or  another  was  conducted. 

In  accordance  with  the  problem  on  hand,  the  content  of  this  book  is  arranged  to 
consecutively  consider  the  methods  of  experimental  research,  the  results,  theoretical 
research,  and  methods  of  thermal  and  aerodynamic  calculation,  and  to  point  out  some 
of  the  way r,  of  practically  designing  the  stages  of  steam  and  gas  turbines. 

This  book  discusses  all  types  of  axial-turbine  stages:  single  stages  and  veloc¬ 
ity  stages,  stages  with  low  cascade  heights  and  stages  with  large  flare,  and  also 
stages  with  partial  input.  Considerable  attention  is  allotted  the  last  stages  of 
condensing  steam  turbines,  the  practical  design  of  which  is  apparently  an  extremely 
complicated  task.  This  problem  is  the  subject  of  net  only  a  special  chapter,  l.e.. 
Chapter  VIII,  but  also  Chapter  VII,  "Stages  with  Large  Flare,"  special  paragraphs  in 
Chapter  I  (cascades  for  supersonic  velocities),  and  finally.  Chapter  X,  "The  Influence 
cf  Humidity  on  the  Characteristics  of  Turbine  Stages."  The  last  chapter,  in  particu¬ 
lar,  is  of  interest  to  atomic  power  engineering. 

As  it  .is  known,  turbine  stages  are  designed  not  only  from  the  point  of  view  of 
economy,  but  also  taking  into  account  the  requirements  of  reliability  and  the  best 
manufacturing  technology.  However,  the  authors  do  not  consider  this  eni '  .-e  complex 
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of  Interconnected  probleas  In  Its  logical  relation  and  sequence  here,  since  it  would 
essentially  complicate  the  book  and,  of  course,  would  make  it  extremely  long.  At 
tne  same  time,  everywhere  in  the  book  we  Indicate  how  one  solution  or  another  can 
affect  the  reliability  and  productiblllty  of  the  blading  elements  of  turbines. 

The  very  important  and  interesting  probleas  of  aerodynamics  of  a  group  of  stages 
are  not  Included  in  the  book,  since  the  experimental  data  collected  at  the  present 
time  are  still  insufficient.  We  also  do  not  consider  such  blading  elements  as  valves, 
labyrinth  seals,  and  partially  exhaust  ducts.  The  Inclusion  of  these  sections  would 

considerably  increase  the  size  of  the  book;  furthermore,  these  problems  have  been 

♦ 

sufficiently  discussed  in  detail  in  other  books  written  by  members  of  the  PGT 
Department  of  the  MEI. 

Hiis  monograph  is  an  inseparable  part  of  the  entire  work  conducted  by  the  De¬ 
partment  on  the  given  problem.  It  is  a  natural  continuation  of  a  series  of  books 
dedicated  to  the  investigation  and  thermal  calculation  of  steam  and  gas  turbines: 
the  textbook  by  A.  V.  Shcheglyayev,  Steam  Turbines,  3rd  Edition,  1955;  the  book  by 
G.  S.  Famoylovich  and  B.  M.  Troyanovskiy,  Varying  Duty  of  Steam  Turbines,  1955;  the 
monograph  by  M.  Ye.  Deych  and  G.  S.  Samoylovich,  The  Fundamentals  of  the  Aerodynamics 
of  Axial  Turbomachines,  1959;  the  training  aid  by  M.  Ye.  Deych,  Technical  Gas 
Dynamics,  2nd  Edition,  1961. 

The  Appendix  of  this  book,  which  is  of  independent  value,  is  taken  from  the 
Mashgiz  publication  under  the  title  of  Atlas  of  Turbine  Cascade  Profiles  (by  M.  Ye. 
Deych,  G.  A.  Filippov,  and  L.  Ya.  Lazarev).  Therefore,  the  detailed  aerodynamic 
characteristics  that  are  broadly  covered  In  this  atlas  are  omitted  from  the  appendices 
of  this  book. 

The  experimental  and  theoretical  materials  presented  in  the  book  were  obtained 
in  the  laboratory  of  the  PGT  Department  of  the  MEI  by  members  of  the  gas-dynamics 
g  roup . 

In  addition  to  the  authors,  the  following  people  took  part  in  the  principle 
Investigations:  Candidates  of  Technical  Sciences,  Docents  V.  A.  Baranov,  V.  V. 

Frolov,  and  A.  Ye.  Zaryankin;  senior  scientific  associates  A.  V.  Gubarev  and  G.  A. 
Filippov;  senior  engineers  V.  I.  Abramov,  M.  F.  Zatsepin,  F.  V.  Kazintsev,  L.  Yc. 
Kiselev,  L.  Ya.  Lazarev,  Ye.  V.  Mayorskiy,  Ye.  V.  Stekol’shchikov,  and  graduate 
student  G.  V.  Tsiklauri. 

A  significant  portion  of  the  MEI  Investigations  was  conducted  jointly  with  tne 
Kaluga  Turbine,  Leningrad  Metallurgical,  and  Ural  Turbomotor  Plants.  The  KTZ,  in 


addition  to  its  active  participation  in  the  investigations,  conducted  their  own 
verification  of  the  MEI  recommendations,  and  LMZ  presented  the  authors  with 
*  materials  on  the  study  of  stage  cascades  which  they  conducted  in  their  plant  labora¬ 
tory. 

The  Preface,  Chapter  I,  and  Chapter  III  with  the  exception  of  55  14  and  15, 

§  24  of  Chapter  IV,  55  31,  32,  33,  and  34  of  Chapter  VI,  Chapters  VII  and  X,  and 
also  the  Appendix  were  written  by  M.  Ye.  Deych.  Chapter  II,  Chapter  TV  except  for 
§  24,  Chapter  V,  55  28,  29,  and  30  of  Chapter  VI,  Chapter  VIII  and  Chapter  IX  were 
written  by  B.  M.  Troyanovskiy.  Sections  14  and  15  of  Chapter  III  were  written  by 
Engineer  P.  V.  Kazintsev.  L.  Ya.  Lazarev  took  part  in  the  selection  and  preparation 
of  materials  for  Chapter  I. 
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CHAPTER  I 


TURBINE  CASCADES 


§  i.  TYPES  OP  CASCADES  IN  USE 

The  selection  and  detailed  calculation  of  cascades  for  a  stage  Is  carried  out 
on  the  basis  of  data  from  preliminary  thermal  calculation.  As  a  result  of  the  thermal 


calculation, 
numbers  M 

C1 


the  tentative  values  of  velocities  c^,  w^,  w2  (and  correspondingly. 


— ,  where  a^  and  ag 


are  the  velocities  of  sound  in 


the  clearance  and  behind  the  stage),  angles  aQ,  a2,  and  in  absolute  and 
relative  motion  (Fig.  1),  and  also  the  reaction  distribution  along  the  radius  are 
established. 


Fig.  1,  Velocity  triangles  of  a  stage  with  axial 
gas  flow:  direction  of  moving  blade 

entrance. 

In  stages  with  small  flare  (with  a  large  ratio  of  average  diameter  to  blade 
height  0  =  U/l )  the  variation  of  velocities  along  the  radius  is  not  great  and  for 
cascade  selection  it  is  sufficient  to  consider  the  velocity  triangles  for  the  average 
diameter. 

In  stages  with  large  flare  it  is  necessary  to  select  the  cascade  profiles  for 
several  cross  sections  with  respect  to  radius,  thus  designing  the  blades  taking  into 
account  the  characteristics  of  three-dimensional  flow,  strength,  and  technological 
considerations. 
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In  the  b la din?;  of  a  multistage  turbine  the  specific  volumes  and  the  M  and  Re 
numbers  in  absolute  and  relative  motion  vary  in  very  wide  limits.  Consequently,  the 
heights,  and  also  the  optimum  shapes  of  profiles  of  the  nozzle  and  moving  cascades 
for  various  stages  will  be  different. 

All  types  of  profiles  that  are  used  in  turbine  construction  may  be  divided  into 
several  groups  and  classified  by  various  criteria. 

By  function,  the  turbine  cascades  are  divided  into: 

I  —  reaction,  nozzle  (stationary)  and  moving  (revolving); 

II  —  action,  moving  and  rotating. 

Within  the  limits  of  eech  type  (I  and  II),  cascades  also  are  divided  into 
several  groups  by  M  numbers  at  the  entrance  and  at  the  exit:  A)  subsonic  (M  <  M, ), 

B)  transonic  (M,  <  M  <  1.3),  and  C)  supersonic  (M  >  1.2)  (here,  is  the  critical* 
Mach  number  M  for  the  cascade). 

For  reaction  cascades,  a  clearly  expressed  convergent  flow  in  the  vane  channels 
is  characteristic.  In  action  cascades  the  mean  static  inlet  and  outlet  pressures 
are  close  and  usually  differ  only  by  the  magnitude  of  pressure  loss  in  the  vane 
channels . 

Cascades  can  also  be  classified  by  two  of  the  most  important  geometric  para¬ 
meters,  J.r.,  relative  height  and  flare,  whose  influence  should  be  considered 
.jointly.  The  blading  of  steam  turbines  employs  cascades  of  small  relative  height 
(I  =  1/ b  <  .1.5)**  and  small  flare  (0  >  20);  cascades  of  medium  height  (1  *  1.5  to  3.0) 
and  medium  flare  (fl  t  10  to  20),  and  cascades  of  large  height  (f  >  3.0)  and  large 
flare  (6  <  7  to  10)***. 

In  cascades  of  the  first  type,  the  flow  has  a  clearly  expressed  three-dimensional 
structure,  in  spite  of  the  small  flare  in  connection  with  the  small  height,  which 
leads  to  the  closing  in  of  secondary  flows.  The  small  flare  frequently  makes  it 
possible  to  use  tne  results  of  tests  made  on  foil  cascades  with  high  reliability. 

In  a  simplified  investigation  of  the  second  group,  the  cascade  flow  may  be 
considered  to  be  two-dimensional,  with  the  exception  of  the  root  and  peripheral 
sections,  where  the  motion  has  a  three-dimensional  character  due  to  the  secondary 

*Tho  Mi  (M?)  number  behind  a  cascade,  at  which  the  local  velocity  is  equal  to 
the  velocity  of  sound  at  a  certain  point  on  the  cascade,  is  said  to  be  critical. 

«*Hore,  !>  ir  profile  chord.  The  designations  of  the  main  geometric  cascade  para¬ 
meters  err  -Mven  in  Fig,  ?. 

***Tn  certain  gas  turbines,  cascades  of  small  relative  height  and  large  flare  are 
encounter- •'! . 


currents,  leakages,  and  several  other  causes  [22]. 

The  flow  around  long  blades  of  large  flare  should  be  referred  to  the  group  of 
three-dimensional  problems.  The  middle  sections  of  these  cascades  in  first  approxi¬ 
mation  may  be  calculated  according  to  the  characteristics  of  two-dimensional  cascades 
of  corresponding  profiles.  It  should  be  emphasized  that  blades  of  the  third  group 
frequently  have  varying  profiles  with  respect  to  height. 

At  present,  turbine  construction  plants  are  widely  employing  new  turbine  cascade 
profiles  that  have  small  profile  and  tip  losses.*  The  nomenclature  of  profiles 
developed  at  the  MBI**  [26],  [31]j  and  the  main  geometric  characteristics  of  cascades, 
are  given  in  Table  1. 

Table  1  includes  groups  of  cascades***  that  differ  with  respect  to  flow  inlet 
and  outlet  angles,  dimensionless  M  velocities,  and  relative  heights  7.  The  profile 
number  (0,  1,  2,  etc.)  indicates  the  range  of  accessible  outlet  angles  for  nozzle 
cascades  and  inlet  and  outlet  angles  for  moving  cascades.  An  increase  of  the  profile 
number  corresponds  to  the  transition  to  profiles  with  larger  inlet  and  outlet  angles. 
Consequently,  the  profile  number  indicates  the  type  of  profile  with  respect  to  ve¬ 
locity  triangle.  The  letters  A,  B,  and  B  Indicate  the  type  of  profile  depending  upon 
M  number  (subsonic,  transonic,  and  supersonic). 

The  shapes  of  the  main  types  of  profiles,  with  the  designation  of  certain 
geometric  parameters,  in  accordance  Table  1,  are  shown  in  Fig.  2.  A  comparision 
shows  that  profiles  of  group  "A"  have  contours  of  continuously  varying  curvature, 
whereby  the  entrances  and  exits  are  rounded.  The  vane  channels  are  continuously 
converging  toward  the  exit.  Maximum  convergence  corresponds  to  channels  of  the 

nozzle  and  reaction  moving  cascades,  and  minimum  convergence  corresponds  to  channels 

of  the  action  moving  cascades.**** 

For  small  relative  heights,  action  cascades  are  tt" ■■'mended  to  be  made  with 
divergent-convergent  channels  (see  §  6)  and  nozzle  cascades  should  have  the 

*See  § 

**A  large  group  of  cascades  for  subsonic  velocities  (group  "A")  was  developed  by 
the  TsKTI  and  standardized.  Several  of  these  nozzle  cascades  were  proposed  by  the 
LMZ  laboratory. 

***The  designations  of  cascades  that  are  given  in  Table  1  are  conditional  and  do 

not  correspond  to  the  designations  adopted  in  the  standards  for  profiles  of  guide 

and  rotor  blades . 

****The  geometric  convergence  of  cascade  channels  is  characterized  by  the  ratio  of 
cross  sections  at  the  entrance  and  exit  a^/a^  (Fig.  2). 


three-dimensional  design  discussed  in  §5. 


Table  1.  Principle  Geometric  Characteristics  of  KEI 
Turbine  Cascades 
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Profiles  of  nozzle  cascades  for  transonic  velocities  (group  "E")  are  manufactured 
with  rectilinear  cross  sections  on  the  back  in  a  slanting  shear. 

The  action  moving  cascades  of  group  "E"  have  rectilinear  contours  also  at  the 
entrance  of  the  back.  The  channels  of  cascades  of  this  group  are  continuously 
convergent. 
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Fig.  2.  ...Shapes  of  profiles  and  channels  of  reaction  and  action  cascades  for 
different  M  numbers,  a)  nozzle  reaction  cascade  for  subsonic  (TC-A)  and 
transonic  (TC-B)  velocities;  b)  nozzle  cascade  with  convergent  channels  and 
concave  back  in  slanting  shear  for  supersonic  velocities;  c,  d)  nozzle  cas¬ 
cades  with  convergent-divergent  channels  for  supersonic  velocities;  e,  f,  g) 
action  cascades  for  subsonic,  transonic,  and  supersonic  velocities. 


The  nozzle  cascades  for  supersonic  velocities*  are  made  with  a  concave  surface 
at  the  exit  of  the  back  in  a  slanting  shear  and  with  a  slight  expansion  of  the 
channel  at  the  exit  (see  Fig.  2).  For  high  supersonic  velocities,  the  vane  channels 
of  the  cascades  are  made  in  the  form  of  convergent -divergent  nozzles,  i.e.,  they 

ap 

are  manufactured  with  a  large  channel  expansion  f  «  ~  >  1  (see  Fig.  2). 

Action  cascades  for  >  1.5  are  also  made  with  convergent-divergent  channels. 
For  smaller  numbers,  stagnation  of  supersonic  flow  in  front  of  the  cascade  Is 
carried  out  in  normal  shocks  at  the  cascade  entrance. 

Thus,  according  to  the  preliminary  thermal  calculation  of  the  blading,  it  is 
possible  to  select  the  profiles  of  nozzle  and  moving  cascades  and  establish  their 
geometric  dimensions  (pitch,  angle  of  incidence),  and  perform  a  precise  calculation. 


*The  design  of  nozzle  and  moving  cascades  for  M  >  1  is  the  subject  of  §§  7  and  8. 
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using  the  experimental  values  of  the  loss  factors,  discharge  coefficients,  and  flow 
angles  which  are  given  in  the  atlas  or  in  the  profile  standards. 

In  certain  cases  the  existing  profiles  cannot  be  used  and  it  is  necessary  to 
design  new  cascades  which  correspond  to  the  particular  specifications  of  the  stage 
being  designed.  For  subsonic  velocities,  this  problem  Is  theoretically  solved  quite 
accurately.  For  transonic  and  supersonic  velocities,  and  also  for  low  relative 
heights,  cascade  profiles  are  constructed  according  to  experimental  data. 

A  method  of  calculating  of  two-dimensional  cascades  for  subsonic  velocities  is 
given  below.  The  following  paragraphs  consider  methods  of  constructing  cascades  on 
the  basis  of  experiments. 

5  2.  CALCULATION  OF  CASCADES  FOR  SUBSONIC  VELOCITIES 

In  those  cases  when  it  is  necessary  to  design  new  cascades  or  calculate  the 
velocity  field  in  a  designed  cascade,  it  is  possible  to  use  a  method  of  approximation 
that  is  based  on  the  channel  theory. 

In  the  cascade  theory  there  appear  two  main  problems.  One  of  them,  which  is 
called  the  prlma  problem,  consists  of  determining  the  velocity  field  of  potential 
flow  through  a  given  cascade,  and  in  a  subsequent  estimate,  the  energy  losses  for 
various  performance  (inlet  angle.  Re  and  M  numbers)  and  geometric  (pitch,  profile  angle, 
cascade  height,  and  others)  parameters.  Consequently,  the  primal  problem  is  of  much 
value  for  studying  the  varying  performance  of  cascades  and  constructing  their  aero¬ 
dynamic  properties. 

The  inverse  problem  consists  in  constructing  a  cascade  that  corresponds  to  the 
selected  or  given  cascade  flow.  In  this  setting,  the  problem  of  constructing  a 
cascade  with  rational  distribution  of  velocities  (pressures)  along  the  profile  sur¬ 
face,  which  ensures  minimum  energy  losses,  is  of  practical  importance. 

At  present,  methods  have  been  developed  for  calculating  potential  cascade  flow, 
using  comp J ex-variable  function  apparatus.*  However,  these  methods  are  awkward  and 
are  less  convenient  for  programming  the  calculation  on  electronic  computers  (EVM), 
in  the  applied  respect. 

Other  methods,  which  are  based  on  the  solution  of  integral  equations  [hj>,  90], 
are  more  convenient  for  programming,  and  therefore  they  can  be  recommended  for 
machine  computation  of  the  potential  flow  around  arbitrary  cascades  of  blades. 

* Methods  for  calculating  potential  flow  and  constructing  cascades  are  presented 
in  detail  In  f55],  ['!?],  and  [90]. 
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In  the  TsKTI,  for  programming  on  the  EVM,*  the  method  of  solution  proposed  by 
M.  I.  Zhukovskiy  [43]  was  adopted.  This  method  is  based  on  the  solution  of  the 
following  integral  equation  whose  unknown  function  is  the  velocity  potential  ♦: 

®(x,  jr)  =  2c-(xcoiP.  J-yjlop.)  -f  TIC,—  { (1) 

L 


where  r  -  #(L)  -  #(0)  is  the  circulation  around  a  blade. 


and 


n-j-'i-n) 


K , 


tt-fto-*) 


9 


here  L  is  the  length  of  the  blade  contour; 

a  is  the  arc  coordinate; 
x,  y,  |,  q  are  the  blade  coordinates; 

xQ,  yQ  are  the  coordinates  of  point  B  at  the  blade  exit  (Fig.  3); 
coo'  Pco  are  the  veloclty  811(1  angle  of  flow  at  infinity. 

Equation  (1)  is  a  Fredholm  integral  equation  of  the  2nd  kind  with  a  continuous 
kemai  |j§.  . 

The  function  6  =  tK  is  continuous  everywhere,  with  the  exception  of  a  straight 
line,  where  it  has  a  discontinuity  equal  to 

fl(S,  S  -O)-0(S,  S+0)=r.f.  (?) 

Integral  equation  (1)  has  the  following  properties: 

1)  the  kernel  of  the  equation  is  continuous,  and  therefore  it  is  calculated  with 
an  accuracy  that  is  identical  and  sufficient  for  all  points  of  the  contour; 

2)  in  the  calculation  of  the  kernel  and  the  free  term  of  equation  (1)  we  use 
only  the  bl.ade  coordinates,  and  not  their  derivatives,  as  required  for  solving  other 
types  of  integral  equations; 

3)  the  number  X  «  1  is  not  the  characteristic  number  of  the  equation,  and  con¬ 
sequently,  Its  solution  is  unique; 


*The  description  of  the  method  presented  below  was  given  by  M.  I.  Zhukovskiy, 
N.  I.  Durakov,  and  0.  I.  Novikova  at  the  request  of  the  authors. 
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Fig.  3.  Construction  of  a  cascade  for  a  given  flow: 
a)  diagram  of  cascade  with  division  of  blade  contour 
reading  of  angles  and  02;  b)  change  of  function . 

Kim  dePendinS  uP°n  (*n  - 

4)  to  this  equation  we  apply  the  method  of  successive  approximations,  since  the 
kernels  of  equation  (1)  do  not  have  characteristic  numbers  in  the  range  of  R  <  1 
W; 

5)  in  distinction  from  other  types  of  equations,  to  integral  equation  (1)  we 
apply  a  method  of  solution  that  makes  it  possible  to  replace  this  equation  for  2n 
points  of  the  contour  by  a  system  composed  of  n  linear  equations; 

6)  the  free  term  of  the  equation  contains  0^  and  02  as  parameters,  in  a  form 
that  allows  us  to  modify  them  separately,  which  makes  it  possible  to  determine  pg 
and  construct  a  solution  depending  upon  p^; 

7)  we  shall  apply  the  method  of  calculation,  based  on  the  solution  of  equation 
(1)  for  all  values  of  geometric  and  performance  characteristics  of  cascades  that  are 
used  in  practice. 

The  construction  of  a  solution  with  the  help  of  equation  (1)  involves  the  numeri¬ 
cal  differentiation  of  the  generalized  potential  $;  however,  numerical  differentia¬ 
tion  i:;  produced  at  the  end  of  the  entire  calculation;  therefore,  the  errors 
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connected  with  differentiation  do  not  affect  the  nxcuracy  of  the  proceeding  calcu¬ 
lations. 


As  was  shown  above,  the  Integral  equation  (1)  can  be  solved  by  means  of  approxi¬ 
mating  it  by  a  system  composed  of  n  linear  equations  with  division  of  the  blade 
contour  into  2n  intervals.  Ve  shall  designate  the  calculation  points  by  i  »  i,  3, 

2n  -  1,  and  the  boundaries  of  the  Intervals  by  m  «  0,  2,  4,  , . 2n  (see 
Fig.  3a). 

By  introducing  velocity  potentials  for  the  flow  around  the  cascade  axis,  which 
are  perpendicular  to  it  and  purely  circulatory,  we  can  write  the  corresponding 
systems  of  equations  in  the  following  form: 


•F-i 


w 


(3) 


where 


//«  1,  3....,  2i»— 1\ 
l/-  1.3 . 2a-!/ 


w,  i*i  ■ 


K’tl-t 


y~ 


u 

i  ' 


The  solution  of  these  systems,  which  differ  only  by  the  right-hand  sides  of  the 
equations,  is  in  the  following  form: 


where 


ctg  p. + + af’r. 


o 


f- 


r 

,cm 


=  Ctgp,  — clg  pt. 


(*») 

(5) 


We  shall  write  an  expression  for  the  potential  ¥  in  proximity  of  the  trailing 
edge  at  points  i  ■  2n  -  1  and  i  =  1,  and  shall  subtract  one  from  the  other. 

We  obtain 


r 


AQjtClgp, 

I  ~  A<I»r  -f- 


(6) 


where  we  designate 


r  -  a>„  A<n,  <1.,  -  Ad),  =,-  a®.,  -  0),w. 
Ad»r  ----  <i)£Li  - 


9 


With  the  help  of  formulas  (5)  and  (6)  for  given  0^  we  determine  the  approximate 
value  of  ^ 2’  By  assigning  one  more  value  of  02,  for  instance  P2  “  +  we  sha1^ 

calculate  two  velocity  profiles  in  the  proximity  of  the  trailing  edge.  The  outlet 
angle  shall  be  defined  by  means  of  interpolation  (or  extrapolation),  which  in  this 
case  is  precise,*  from  the  condition  of  equality  of  velocities  at  characteristic 
points  [43].  The  calculation  of  velocities  is  then  performed  with  the  formula 

where 


In  the  case  of  a  cascade  of  blades,  function  m  has  the  following  form  [43]: 

! 

„  I _ thsfoa-' p,) 

(7) 

The  numerator  of  formula  (6)  contains  a  single-valued  function  of  (ym  -  y^), 
which  varies  from  -i  to  +1,  and  the  denominator  contains  the  tg  function,  whose 
sign  depends  both  on  the  sign  of  (x '  -  x^,  and  also  on  the  absolute  value  of  this 
difference . 

Therefore,  normalization  of  the  function  K^m  depends  not  only  on  the  signs  of 
the  differences  (5^  -  5^)  and  (ym  -  y^),  but  also  on  the  mutual  location  of  points 
on  the  profile  with  the  subscripts  i  and  m,  i.e.,  on  the  signs  of  the  difference 
di  =  x*  -  (see  Fig.  3b)  and  on  the  magnitude  of  the  modulus  of  (^  -  x*)  (x  is 
the  abscissa  of  the  point  of  intersection  of  the  blade  contour,  horizontally  passing 
through  the  point  with  the  abscissa  x^). 

For  all  calculations  of  K.  m  one  should  consider  that  the  values  of  this 
function  should  vary  continously,  starting  from  the  zero  point  B  on  the  profile 
(S  =  0),  whereby  in  case  of  the  transition  from  points  for  which  m  <  i  to  points 
for  which  m  >  i,  the  jump  in  magnitude  of  Kj  must  be  removed  by  formula  (2),  which 
reduces  to  the  transfer  of  the  jump  of  function  to  the  point  S  =  0. 

If  we  consider  the  quantity  irK,  _  as  the  analog  of  an  angle,  then  we  may  state 
that  for  a  positive  direction  of  reading  the  angle,  the  reading  is  counterclockwise. 


♦The  possibility  of  a  precise  calculation  of  the  velocity  profile  for  any  value 
of  (3^,  if  it  is  known  for  any  two  values  of  0^,  was  pointed  out  by  G.  Yu.  Stepanov 

[90]. 


1 


Normalization  of  the  function  K,  „  Is  produced  by  the  following  formulas: 

X  jEl 


JCf.-  =  KT-.  if 

Kl.m*=  l-lfm.  it 
Kt,m  “  *f"  ♦ — li 


|  Xm~*l> 0 
I  *m~*l<0 

|  *m-*i<0 

jxa~x,>0 


where  v,  depending  upon  the  sign  of  the  difference  d^  =  x  -  x^  (see  Pig.  3b),  takes 
on  the  following  values: 

v«0  4t> 0, 

*  =  2  <f,<  0. 

Ajj  A 

The  quantity  K^m  Is  expressed  by  m,  depending  upon  the  magnitude  of  the 
modulus  (xm  -  x^): 

#£.  =  *?.«  —  0<|j«— *,|<0.5. 

XTa  “  ■ —  Kl.  ■  W><|*«  X||<I,0, 

—  (I“Ai.«)  «*»  < |-*i»  —  ■*il<  1*5* 

+  **“  1.5  <|x*  X|J<2,0, 


where 

K,,m~ Ki, m '■  **-*>!.  Ip*- p<1)< 0.5  — «  o  < |xM-^|<o,5. 

The  change  of  K®*m  and  the  conformity  of  points  1,  2,  3,  and  4  is  shown  on 
Fig.  3b. 

Furthermore,  when  m  >  1,  a  one  is  added  to  all  values  of  K,  in  accordance 

i,ra 

with  formula  (2).  The  indicated  method  of  normalization  of  the  function  K,  was 

i,m 

carried  out  in  a  program  for  performing  calculations  on  a  computer. 

If  tho  calculation  is  performed  for  profiles  with  very  thick  trailing  edges,  for 
instance  for  the  profiles  of  gas  turbines  with  cooled  blades,  then  for  determining 
the  right  sides  of  the  system  of  equations  must  be  recomputed  for  |Kj,  Q|  >1. 

Jn  this  case  their  new  valu?s,  K^0  =  1^  Q  -  2,  are  calculated.  The  recalculation 
is  forseen  In  the  program. 

In  the  program,  the  profile  is  divided  into  a  given  number  2n  of  intervals  and 
the  points  of  division  arc  calculated.  The  points  of  division  of  the  profile  with 
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odd  Indices  ere  taken  as  the  calculation  points,  and  the  point  with  even  indices  are 
the  boundaries  of  the  sections.  The  consecutive  numeration  of  points  goes  from  the 
middle  of  the  trailing  along  the  convex  side  of  the  profile,  but  then  along  the  con¬ 
cave  side  (Fig.  3a). 

After  finding  the  points  of  division,  the  function  m  of  the  integral  equation 
is  calculated  and  they  are  normalized  according  to  the  rules  stated  above.  Then 
the  coefficients  of  the  system  (3)  of  linear  algebraic  equations  are  formulated: 

(*./=!. 3, . 2 a  —  1). 

The  right  sides  of  the  systems  of  equations  will  be  the  quantities  2x.,  2^, 

and 

The  systems  of  linear  algebraic  equations  are  solved  by  the  method  of  sliding 

successive  approximations.  As  the  zero  approximation  we  shall  take  the  right  sides 

of  the  equations.  Calculations  of  the  potentials  •  ,  •  ,  and  ♦p  are  conducted  with 

a  specified  degree  of  accuracy.  As  a  result  of  the  calculations  we  shall  obtain 

the  values  of  •  ,  •  ,  and  *r  at  the  calculation  points  of  the  contour  and  shall 
x  y  i 

calculate  the  generalized  potential  •  with  formula  (4). 

For  differentiation  of  the  potential  V  we  use  the  interpolation  formulas  of 
Stirling  and  Newton,  retaining  the  third  order  differences. 

For  calculation  of  cascades  of  blades  that  are  given  by  the  coordinates  of  the 
points,  it  is  necessary  that  these  coordinates  be  given  with  uniform  pitch  along 
axis  x.  The  leading  and  trailing  edges  of  the  profiles  should  be  roimded  and  the 
coordinates  of  the  arc  centers  and  the  values  of  the  radii  should  be  indicated.  In 
addition,  the  abscissas  of  the  boundaries  of  these  arcs  are  given.  A  check  showed 
that  the  minimum  permissible  number  of  division  intervals  of  a  contour  is  2n  =  120. 

As  an  example  we  shall  present  the  calculation  of  a  cascade  of  T-l  TsKTI  turbine 
blades  for  a  relative  pitch  of  1=  0.646.  This  cascade  consists  of  greatly  distorted 
thick  binder,  and  was  calculated  for  small  pitch. 

A  comparision  of  the  velocity  distribution  c  (S)  =  ( S  =  — \  ,  which  was  obtained 

ds  \  L  / 

by  numerical  differentiation  by  the  potential  $  with  the  velocity  distribution  that 
was  obtained  earlier  according  to  the  method  based  on  conformal  mapping,*  showed  that 
differentiation  should  be  carried  out  separately  on  the  convex  and  concave  sides  of 


"This  method,  as  it  is  known,  makes  it  possible  to  calculate  the  velocity  dis¬ 
tribution  without  numerical  differentiation  of  the  velocity  potential. 
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the  blades  (Pig.  4). 


e 

41 


V 


to 


I 

Pig.  4.  Velocity  distribution  according  to  a  Ts-CTI 
T-l  blade  development  for  (1  =  0.646;  pj  =  1600; 

P2  -  l6°):  1 

-  calculation  by  the  method  of  conformal  mapping; 

o  o  o  —  calculation  on  electronic  computer  (EVM)  for 
2n  »  120;  -A  -A  -A  —  calculation  according  to  the 
channel  theory;  x  x  x  —  TsKTI  experiments. 

In  the  calculation,  for  each  value  of  p^  we  obtain  two  values  of  angles  pg, 
from  which  one  value  of  pi  Is  determined  with  the  help  of  formula  (6),  and  the 
second  is  given  by  P2  =  p2  +  1°.  For  a  T-l  cascade  when  p^  =  160°,  the  values  of 
P2  =  14042'  are  obtained. 

In  the  given  example  the  angle  P2,  which  was  determined  by  means  of  extrapola¬ 
tion,  Is  equal  to  16°.  The  velocity  profile  Is  shown  in  fig.  4.  This  figure  also 
Indicates  the  velocity  values  that  were  obtained  experimentally  [20],  The  experi¬ 
mental  value  of  the  flow-outlet  angle  in  this  case  is  s.lso  equal  to  16°.  As  can  be 
seen  from  Fig.  4,  the  velocity  profile  obtained  on  the  computer  coincides  well  with 
the  experimental  profile. 

Considerably  simpler  calculation  methods,  which  make  it  possible  to  solve  the 
direct  and  Inverse  problems  with  a  satisfactory  accuracy  in  certain  cases,  are  based 
on  the  channel  theory.  These  methods  do  not  require  the  application  of  electronic 
computers.  At  this  time  we  know  of  several  methods  for  calculating  cascades  accord¬ 
ing  to  the  channel  theory  [3?]. 
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Cascade  calculation  according  to  the  channel  theory  is  based  on  the  use  of  a 
continuity  equation  and  the  condition  of  irrotational  (potential)  flow  for  a  given 
or  specially  selected  law  of  velocity  distribution  along  the  cross  section  of  a 
channel . 

The  problem  of  the  flow  around  cascades  can  be  successfully  reduced  to  the  cal¬ 
culation  of  flow  in  the  channel  only  for  moderate  values  of  relative  pitch.  Further¬ 
more,  the  channel  theory  makes  it  possible  to  calculate  the  flow  only  in  the  vane 
channel;  In  the  entrance  area  of  the  back  and  in  the  slanting  shear  on  the  exit  it 
is  necessary  to  use  special  methods,  and  the  accuracy  of  calculation  for  these 
areas  is  lowered. 

The  channel  theory  was  developed  in  the  works  of  G.  Flyugel*,  G.  Yu.  Stepanov, 

A.  N.  Sherstyuk,  and  G.  S.  Samoylovich.  All  known  methods  for  calculating  a  cascade 
channel  are  based  on  the  following  assumptions:  a)  the  shape  of  the  isopotential 
lines  and  the  points  of  their  intersection  with  the  channel  walls  are  determined 
approximately;  b)  the  law  of  velocity  distribution  along  the  cross  section  of  the 
channel  (along  the  isopotential  lines)  is  selected. 

In  connection  with  the  fact  that  the  velocity  distribution  along  the  cross 
section  of  a  channel  has  a  hyperbolic  character  with  respect  to  the  radius  of  curva¬ 
ture,  the  appropriate  equation  can  be  selected  in  the  form  proposed  by  G.  S. 
Samoylovich  and  A.  N.  Sherstyuk: 


€  |  I 

<■«  =  i  +!+*,{* ' 


(8) 


Here  (see  Fig.  5a)  c^  is  the  velocity  on  the  convex  surface  of  the  channel  (back 
of  blade);  fj  =  £/r„  is  a  dimensionless  ordinate;  a  =  is  the  dimensionless  width 

of  the  channel;  is  the  radius  of  curvature  of  the  back  of  the  blade; 


*  ~ »  . 
2r|  —  «  ' 


where  r^  is  the  radius  of  curvature  of  the  concave  surface. 

As  tho  cquipotential  line  we  shall  select  a  circular  arc  (see  Fig.  2a)  which  is  a 
smooth  line  that  is  normal  at  the  intersection  points  to  the  walls  of  the  channel. 

The  velocity  components  along  this  equipotentiai  are  small  as  compared  to  the  normal 
components . 

Formula  (M)  Is  suitable  for  channels  both  with  identical,  and  also  with  different 
(In  sign)  ein-vatures.  The-  quantity  a  is  positive,  if  the  first  wall  is  convex,  and 
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negative,  if  it  is  concave.  The  dimensionless  radius  of  curvature  of  the  second 


wall  r2  is  considered  to  be  positive  when  one  Mall  is  concave  and  the  other  convex, 
and  negative  Mhen  both  Malls  are  concave  or  convex. 

We  shall  noM  find  t'o  gas  floM  through  a  cross  section  of  the  channel.  For 
small  numbers  N  <  0.4,  Mhen  the  influence  of  compressibility  may  be  disregarded.  Me 
shall  find  the  volume  flow  rate  of  fluid  through  the  channel  a  with  the  following 
continuity  equation: 

c4a. 

Replacing  c  here  from  (8)  and  integrating,  we  will  obtain: 

a^A-J _ i _ (9) 

:  v  i+tfi  i +v 4 +«.)' 

For  convenience  of  calculation,  the  Appendix  gives  graphs  of  the  dependence  of 
6  =  f(a,  h)  which  is  expressed  by  formula  (9). 

For  a  compressible  fluid  it  is  necessary  to  consider  the  change  of  density.  The 
most  simple  way  of  calculating  compressibility  was  Indicated  by  A.  N.  Sherstyuk.  By 
using  the  method  of  small  disturbances,  it  is  easy  to  show  that  in  the  case  of  a 
compressible  fluid  it  is  also  possible  to  use  formulas  (8)  and  (9),  if  the  volume 
flow  rate  of  air  (in  the  given  "section")  is  determined  for  average  density  pg: 

Q  -  G/«* 

where  G  is  the  mass  flow  rate  of  gas. 

The  density  pg  is  found  by  means  of  the  given  flow  rate  qg  and  the  tables  of 
gas-dynamic  functions  [22],  while  q_  is  determined  by  the  formula 

1,  “  6/0, 

(G#  is  the  critical  flow  rate  of  gas  through  a  given  section  of  the  channel). 

But  if 

0  «  ®,c,/  tin  p,  »  sin  p,; 

6.  -  Y*a*a. 


then 


(10) 


whoro  the  given  flow  rate,  q.  or  q,,,  is  determined  correspondingly  by  the  parameters 
of  flow  In  front  of  the  cascade  or  behind  it. 


* 
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The  method  of  calculation  o f  velocities  reduces  to  the  following.  Circles  are 
inscribed  In  the  channel  (see  Fig.  ?a).  Equipotentials  (circular  arcs)  are  drawn 
through  the  points  of  tangency  of  these  circles  with  the  walls  of  the  channel  A  and 
D.  The  length  of  the  equipotentials  and  the  radii  of  curvature  of  the  boundary  flow 
lines  at  points  A  and  B  (r^  and  r^)  are  determined.  Then  the  dimensionless  parameters 


are  found: 


7  ' l- 


h.. 

*  “  i  * 


On  the  basis  of  the  gas  parameters  in  front  of  the  cascade,  the  dimensionless 
velocity  A^  is  determined,  and  from  the  tables  of  gas-dynamic  functions,  the  given 
flow  rate  is  found. 

Further,  by  formula  (9)  the  average  given  flow  rate  for  the  constructed  equi- 

potentialc.  is  found,  and  from  the  tables  of  gas-dynamic  functions  and  q  ,  the 

s 

corresponding  ratio  of  ps/p0  is  determined. 

The  volume  flow  rate  through  section  a  is  determined  by  the  formula 

Q  «  Q, 

V  Vl  fcfo  * 

where  is  the  volume  flow  rate  in  front  of  the  cascade; 

(the  ratio  p^/p 0  is  determined  by  q^). 

Now,  by  means  of  formula  (9)  or  the  graph  (see  Appendix),  we  find  the  value  of 


6  and  then  the  velo 


point  A: 


=  Q/6A- 


The  velocity  at  point  D  is  determined  by  formula  (8). 

In  the  calculation  of  flow  at  the  entrance  and  exit  sections  of  the  back,  in  the 
slanting  shear  of  a  cascade,  it  is  necessary  to  find  the  boundary  flow  line.  In  a 
simp]e  case,  the  boundary  flow  lines  in  front  of  the  cascade  and  behind  it  can  be 
selected  in  the  form  of  segments  of  straight  lines  (see  Fig.  3a).  The  direction  of 
these  lines  at  the  cascade  entrance  Is  given  (angle  p^),  and  at  the  exit  it  can  be 
determined  by  one  of  the  known  methods  and,  in  particular,  by  the  following  formula 
(§  >i): 


Pt  *  arcsin 


In  reality,  the  separated  boundary  flow  lines  in  front  of  and  behind  a  cascade 
are  distorted  near  the  Leading  and  trailing  edges,  whereby  this  distortion  is  more 
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considerable,  the  greater  the  relative  pitch  of  the  blades  and  the  circulation. 

The  accuracy  of  velocity  determination  with  the  described  method  may  be  judged 
by  Pig.  4,  which  gives  a  coraparision  of  the  calculated  and  experimental  data  for  a 
cascade  of  T-l  TsKTI  turbine  blades.  As  follows  from  Pig.  k,  an  essential  distinc¬ 
tion  between  the  calculated  and  experimental  data  is  observed  mainly  near  the  leading 
and  trailing  edges,  which  is  quite  regular. 

§  3.  BLADE  STANDARDS  OF  NOZZLE  AND  MOVING  CASCADES 

The  blades  of  nozzle  and  moving  cascades  developed  by  various  organizations 
(TsKTI,  MEI,  TsNII,  IMZ)  are  listed  in  blade  atlas  which  is  recommended  for  use  by  tur¬ 
bine-construction  plants.  The  atlas  includes  blades  with  small  design  and  tip  losses, 

* 

and  ones  with  stable  aerodynamic  properties  in  a  wide  range  of  variation  of  geometric 
and  performance  parameters. 

For  the  purpose  of  limiting  the  number  of  blades  and  their  type  and  dimensions 
to  the  minimum  practical,  and  for  setting  up  the  centralized  production  of  blades 
in  order  to  employ  progressive  technology  methods  and  to  decrease  metal  expenditures, 
some  of  the  blades  of  nozzle  and  moving  cascades  given  in  the  atlas  are  standardized. 
These  standards  include  blades  only  for  subsonic  velocities  (group  "A"),  developed 
by  TsKTI,  LMZ,  and  MEI. 

Table  2  gives  the  main  parameters  of  standardized  cascades.*  The  standard 
includes  four  profiles  of  nozzle  blades  and  nine  profiles  of  moving  blades  of  the 
action  type. 

The  profiles  of  nozzle  (guide)  cascades,  H-l,  H-2,  and  H— h ,  have  an  approximately 
identical  range  of  outlet  angles  of  flow,  i.e.,  a1  =  9-15°,  but,  different  mechanical 
properties.  Profile  iI-2  is  designed  for  large  outlet  angles  (a^  =  12-20°). 

Ac  can  b"  seen  from  Table  2,  the  standard  designations  of  the  profiles  are 
modified  (s.o  Table  1).  We  shall  consider  the  complete  designations  in  an  example  <~f 
H-12-B  and  >fp-ll2-B  profiles.  Here  the  letters  H  and  P,  respectively,  indicate  the 
type  of  cascade  (guide,  i.e.,  nozzle  and  moving).  The  number  after  the  letters  !! 
and  F  (l,  2,  3,  4,  ...)  indicates  the  organization  that  developed  the  profile. 

For  moving  cascades,  the  numbers  before  the  letter  P  indicate  the  fluid  de¬ 
flection,  the  type  of  profile  with  respect  to  velocity  triangle.  As,  the  numb'-' 

increases,  the  inlet  and  outlet  angles  increase,  and  the  fluid  deflection 


All  designations  in  Table  2  have  been  selected  in  accordance  with  the  .standard. 


Table  2.  Profiles  of  Nozzle  and  Moving  Cascades  (Included  in  the  Standard) 
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♦For  moving  cascades,  the  standards  indicate  only  one  value  of  the  inlet  and 
outlet  ‘ingle.  In  reality,  every  moving  cascade  can  be  used  in  a  sufficiently 
wide  range  of  p.  and  p?  (see  Table  1).  This  range  is  indicated  here  tentatively 
in  parentheses. 

♦♦Given  for  nozzle  cascades  with  a  width  of  B  “  25  mm  and  for  moving  cascades 
with  a  width  of  B  =  50  mm;  Wx  and  Wy  are  the  moments  of  resistance  of  the  profile 

with  respect  to  axes  x  —  x  and  y  —  y  (see  Fig.  J);  Ix  and  Iy  are  the  moments  of 

inertia  with  respect  to  axes  x  —  x  and  y  -  yj  f  is  the  cross-sectional  area  of 
the  blade. 


correspondingly  decreases.  Profile  IP  corresponds  to  a  deflection  of  Ap  =  180  - 
-  (f^  +  02)  =  135-143°,  and  profile  5P  indicates  a  deflection  of  Ap  =  86-96°. 

The  second  digit  in  the  designation  for  nozzle  (guide)  cascades  end  the  third 
digit  in  the  designation  for  moving  cascades  characterizes  the  thickness  of  the 
trailing  edge.  The  letter  B  gives  the  width  of  the  profile  in  mm. 

The  base  line  for  the  construction  of  profiles  is  the  external  chord.  The 
adoption  of  this  base  line  excludes  the  necessity  of  recalculating  the  principle 
dimensions  of  the  profile  contour  for  variation  of  the  angles  of  -Incidence  of  the 
profiles . 

All  p  -of lies  of  nozzle  and  moving  cascades  that  are  included  in  the  standard 
(Table  2)  are  divided  into  groups,  depending  upon  the  relative  thickness  of  the 
trailing  edge  A  , 


i  i 
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For  the  formation  of  geometrically  similar  cascades  for  the  majority  of  profiles 
of  rotor  blades  of  steam  turbines,  a  total  of  two  thicknesses  for  trailing  edges  can 

be  introduced  for  width  Intervals  from  15  to  20  mm  and  from  25  mm  and  above. 

/ 

In  connection  with  the  fact  that  the  variation  interval  of  edges  for  blades 
that  are  employed  in  stationary  turbine  construction  is  small,  the  introduction  of 
a  thicker  edge  for  a  width  15  to  20  mm  is  mainly  stipulated  by  the  technological 
considerations . 

For  nozzle  cascades,  for  the  purpose  of  decreasing  the  modifications  of  each 
type  of  profile  in  the  development  of  the  standard  dimensions,  the  entire  width 
scale  from  25  to  100  mm  is  divided  into  three  groups  according  to  thickness  of  trail¬ 
ing  edges:  1.0;  1.5,  and  2.0  mm,  with  a  variation  in  width  by  25-55  mm,  40-65  mm,  and 
70-100  mm. 

The  standard  contains  profiles  of  different  widths  which  are  geometrically 
similar  to  the  initial  profiles,  all  their  dimensions,  including  the  trailing  edge, 
vary  within  the  limits  of  each  group  with  complete  geometric  similarity.  For  a 
guarantee  of  complete  geometric  similarity  of  profiles,  the  standards  include 
reference  profiles  whose  dimensions  are  calculated  with  an  accuracy  of  four  places 
after  the  decimal  point. 

§  4.  AERODYNAMIC  CHARACTERISTICS  OF  CASCADES  FOR  SUBSONIC  VELOCITIES 

Aerodynamic  characteristics  include  the  dependence  of  the  coefficients  of  pro¬ 
file  and  tip  losses  of  energy  and  inlet  angles  of  flow  on  the  baBic  geometric  and 
performance  parameters  of  a  cascade. 

The  characteristics  are  obtained  experimentally,  e.g.,  by  testing  cascades  in 
wind  tunnels  by  the  transverse  method.  Practically  all  experiments  were  conducted 
with  a  small  degree  of  turbulence*  of  the  incident  flow,  EQ  «*  0.5-1. 5#*,  and  a  uni¬ 
form  velocity  field  at  the  cascade  entrance. 

Consequently,  the  characteristics  in  the  standard  cannot  be  directly  used  for 
thermal  calculation  of  a  stage  and  a  multistage  turbine,  since  they  do  not  consider 
a  number  of  extremely  important  factors  which  determine  cascade  losses  under  real 
conditions:  flare,  discontinuity  of  velocity  field  with  respect  to  height,  and 

*Ry  degree  of  turbulence,  we  mean  the  quantity 


•  _i 

where  c  and  c  are  the  local  and  root-mean  square  values  of  the  pulsating  velocity 
component;  r>m  is  the  mean  velocity  of  steady  motion;  At  is  the  averaging-time  interval. 
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turbulence  of  flow.  It  Is  natural  that  the  first  two  factors  are  important  only  for 

estimating  tip  losses.  Flow  turbulence  also  influences  profile  losses. 

Aerodynamic  properties  can  be  reliably  used  for  selecting  an  optimum  cascade 

variant  for  the  stage  being  designed,  and  also  for  estimating  the  influence  of  the 

noted  changes  of  geometric  or  performance  parameters  of  a  profile.  Taking  into 

account  the  correction  for  turbulence,  the  coefficients  of  profile  losses  can  be 

used  sometimes  for  calculating  the  cascades  of  stages  with  long  blades  of  constant 

and  variable  profiles.  In  such  stages  with  cylindrical  outlines  the  tip  losses  are 

sometimes  (with  large  relative  height)  small;  therefore,  it  is  possible  to  expect 

a  satisfactory  coincidence  of  the  calculation  with  the  experiment. 

After  selecting  the  cascades,  it  is  necessary  to  use  the  appropriate  aerodynamic 

properties  which  are  given  in  the  atlas  of  profiles.  These  characteristics  are  given 

in  the  Appendix  for  two  types  of  cascades. 

For  reaction  cascades,  the  profile  characteristics,  i.e.,  the  coefficients  of 

prof Ue  losses  £  and  the  outlet  angles  of  two-dimensional  flow  a^,  are  given 

depending  upon  the  relative  pitch  ¥  =  t/b  and  the  angle  of  incidence  of  the  profile 

c1+bl  e  e. . 

a  for  Reynolds  number*  Re.  =  1  *  4*1CP  and  number  M  =  -li-  =0.3.  The  influence 

y 

of  the  inlet  angle  of  flow  aQ  is  considered  by  the  appropriate  corrections  for  £  and 
o^.  These  corrections  are  given  for  the  same  initial  values  of  Re^^  and  M^. 

Experiments  show  that  usually  the  influence  of  Re  number  at  subsonic  velocities 
must  be  considered  up  to  Re  =  10^  (Fig.  5).  For  this  purpose,  the  standard  includes 

corrections  which  consider  the  influence  of  Re  number  on  profile  losses.  Experiments 

> 

conducted  by  different  organizations  distinctly  showed  that  the  influence  of  Re 
for  various  cascades  is  qualitatively  similar.  Therefore,  the  corresponding  cor¬ 
rections  are  given  in  the  form  of  kRe  =  f  /C„  Q  =  f(Re),  where  C  Q  is  the  coef- 

f  *  *  *” 

fioient  of  profile  losses  for  Re  =  10  ,  which  correspond  to  the  minimum  losses  shown 
in  Fig.  5. 

I 

The  standard  also  contains  the  dependence  of  the  coefficient  of  tip  losses  r 

K 

on  the  quantity  that  is  Inverse  to  relative  height  l/T  =  b/i  for  different  values  of 


*Tho  formulas  for  determining  the  Re  and  M  numbers  include  the  theoretical  ve¬ 
locities  t.  and  Wpt.  The  kinematic  viscosity  v ^  and  the  velocity  of  sound  a,,  for 

the  theoretical  process  are  selected  according  to  the  parameters  behind  the  cascade. 


-24- 


1 

m 

■ 

■ 

■■ 

■ 

■ 

■ 

■ 

■ 

■ 

□ 

■ 

■ 

□ 

□ 

i 

■ 

8 

B 

mm 

■ 

■ 

■ 

B 

■ 

B 

j 

E 

■ 

■ 

s an 

8 

R 

■ 

■ 

B 

■ 

B 

1 

B 

i— 

■ 

■ 

- 

8 

i 

i 

■ 

■ 

a 

r 

1 

■ 

■ 

i  W4it$ 

$ 

1 

I 

n 

■ 

| 

__ 

" 

H 

h 

■ 

m 

■ 

*450**1 « 

tfi 

■ 

§ 

53= 

K 

■2 

as 

ggga 

■ 

■ 

■ 

wm 

■ 

■ 

\mmmm 

mi 

L 

mm 

Bm 

L. 

HB 

■ 

■ 

m 

J 

0  I  t  J  4  S  t  t  t  9 


Pig.  5.  Influence  of  Re  number  on  profile  losses 
in  reaction  cascades  according  to  experiments  at 
IXZ,  MEI,  and  TsKTI.  Curves:  1  -  for  profile 
H-31  (LMZ);  2  -  profile  H-26  (TsKTI) j  3  -  profile 
H-46  (MEI). 


It  should  be  emphasized  that  the  Influence  of  Re  number  on  tip  losses  is  also 
considerable.  The  other  performance  parameter,  i.e.,  the  Inlet  angle  of  flow  o0» 
has  a  more  substantial  effect  on  the  tip  losses  than  on  the  profile  losses:  the 
influence  of  these  two  parameters  is  especially  great  at  small  relative  heights  b/l. 
These  results  are  confirmed  by  the  data  shown  in  Fi^.  6,  which  were  obtained  at  the 
MEI  for  low  subsonic  velocities. 

However,  in  connection  with  the  shortage  of  experimental  data,  the  appropriate 
corrections  are  not  included  in  the  standard.  For  a  tentative  estimate  of  the  in¬ 
fluence  of  aQ  on  profile  and  total  losses  in  a  reaction  cascade  of  the  type  TC-A 
(MEI)  and  others,  it  is  possible  to  use  the  graphs  in  Fig.  6.* 

For  action  cascades,  the  influence  of  the  inlet  angle  is  illustrated  by  the 
graphs  in  Fig.  7. 

The  influence  of  compressibility  (M  number)  on  the  characteristics  of  cascades 
of  group  "A"  i3  different  depending  on  the  shape  of  the  profile  and  the  gecmetric 
parameters  of  the  cascade,  and  in  particular,  the  relative  pitch  and  relative  height. 
However,  for  the  majority  of  cascades  made  out  of  profiles  of  group  "A,"  there  is 
noted  a  general  tendency  towards  a  sharp  increase  of  profile  losses  with  the  Increase 
of  M,j  when  >  M1<( .  In  the  subcriticnl  region  of  <  M1<(.  the  profile  losses  decrease 


* 
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somewhat  as  increases.  The  intensity  of  the  increase  of  £np,  depending  upon  M, 
in  the  transonic  region,  varies  essentially  as  the  relative  pitch,  inlet  angle, 
and  degree  of  flow  turbulence  vary. 

The  influence  of  pitch  is  explained  by  the  displacement  of  the  local  supersonic 
zone  and  the  closing  shock  waves  on  the  back  of  the  profile  as  T  changes.  As  T 
Increases  the  shocks  move  against  the  flow;  therefore,  the  flow  around  the  back 
becomes  worse  (Fig.  8a).  The  character  of  the  change  of  profile  losses,  depending 
upon  Mj_,  essentially  depends  on  the  conditions  of  flow  in  the  boundary  layer.  The 
Intensity  of  the  increase  of  losses  in  thfe  transonic  region,  during  the  interaction 
of  local  shocks  with  the  laminar  layer,  is  considerably  higher  than  in  those  cases 
when  the  layer  on  the  back  of  the  profile  in  the  slanting  shear  is  turbulent.  If 
in  the  shock  zone  there  occurs  turbullzaticn  of  the  layer  on  the  back,  the  profile 
losses  decrease  somewhat  at  increases  (see  Fig.  8a). 


if 

if 


a 

if 

ft 


Fig.  8.  Influence  of  compressibility  (M^  number) 

in  reaction  cascades  for  different  relative  pitch  t: 
a)  profile  losses,  b)  corrections  for  profile  and 
tip  losses  and  outlet  angle  of  flow  a^,  According 

to  TsKTI  —  •  —  •  — ;  according  to  MEI  - . 

Tip  losses  in  nozzle  cascades  decrease  in  the  subsonic  and  transonic  regions  as 
Increase's  (see  Fig.  8b).  Consequently,  the  total  losses  when  >  0.6  increase 
Jess  intensely  as  the  relative  height  decreases.  The  corrections  that  consider  the 
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influence  of  compressibility  on  profile  and  tip  losses  in  nozzle  cascades  and  the 
outlet  angle  of  flow  when  <  1  can  be  taken  from  the  curves  in  Pig.  8b.* 

The  aerodynamic  properties  of  moving  cascades  of  the  action  type  are  represented 
in  the  form  of  analogous  dependences  of  profile  and  tip  losses  of  energy  and  outlet 
angles  of  flow  on  the  basic  geometric  and  performance  parameters  (see  Appendix). 

The  ranges  of  permissible  values  of  relative  pitch,  angle  of  incidence,  and 
inlet  angles  of  flow  are  shown  for  each  profile  in  the  corresponding  aerodynamic 
properties. 

Let  us  note  that  the  region  of  practical  self -similarity  with  respect  to  Re 
number  occurs  in  moving  cascades  for  lower  Re,,,  which  depend  on  the  inlet  angle  of 
flow;  this  is  connected  with  the  earlier  transition  of  the  laminar  layer  to  the 
turbulent  layer  on  the  profile  contours;  the  transition  region  in  weakly  convergent 
flows  is  displaced  against  the  flow. 

For  an  estimate  of  the  effect  of  number  on  profile  and  tip  losses  and  on  the 
outlet  angles  of  flow  for  action  moving  cascades,  we  can  use  the  graphs  in  Fig.  9, 
which  were  constructed  on  the  basis  of  MEI  experimental  data.  Qualitatively,  these 
graphs  coincide  with  the  corresponding  curves  for  nozzle  cascades  (see  Fig.  8). 

In  action  cascades,  the  transition  through  the  velocity  of  sound  is  accompanied 
by  a  less  intense  increase  of  profile  losses  (Fig.  9),  since  in  the  zone  of  super¬ 
sonic  velocities  on  the  back  the  boundary  layer  is  turbulent.  Tip  losses  decrease 
as  the  M2  increase,  especially  intensely  in  the  region  of  transonic  velocities. 

The  aerodynamic  properties  of  nozzle  and  moving  cascades,  which  are  given  in 
the  standards,  do  not  contain  corrections  that  consider  the  influence  of  initial 
turbulence  on  profile  and  tip  losses  and  the  outlet  angle  of  flow. 

At  the  same  time,  as  indicated  in  the  MEI  experiments  in  Fig,  10,  the  profile 
losses  essentially  increase  as  the  dtgree  of  turbulence  increases,  whereby  the  in¬ 
fluence  of  Eq  is  different,  depending  upon  the  type  of  cascade  and  the  Re  and  M 

numbers.  The  outlet  angle  also  increases  as  the  degree  of  turbulence  increases.  Tip 

c. 

looses  changes  less  significantly  as  EQ  increases.  For  moderate  values  of  Re  <  5*10^ 
and  M  <  0.0,  the  profile  losses  in  nozzle  and  moving  cascades  decrease  somewhat  in 
the  interval  of  E()  =  0.0-??'/,  or  remain  constant. 

- 7 _ 

*K„  — t  where  £nn  is  the  minimum  c'  efficient  of  profile  losses. 

Mi  rn<i  1  *o 
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Pig.  9-  Influence  of  compressibility  in  action 
cascades:  a  —  on  profile  losses,  b  —  the  same, 
on  total  losses;  c  —  corrections  for  profile 
and  total  losses  according  to  MEI. 

The  certain  lowering  of  losses  £  In  this  Interval  of  EQ  for  action  cascades 
explained  by  the  displacement  of  the  separation  line  through  the  flow  at  the 
tralLing  edge ,  since  an  increase  of  turbulence  of  the  layer  increases  its  resistance 
t.o  separation.  For  this  reason,  the  losses  in  nozzle  cascades  in  the  same  interval 
of  E0  are  practically  unchanged.  However,  in  this  case  the  influence  of  EQ  is  less 
considerable  because  the  rearrangement  of  the  velocity  profile  in  the  boundary  layer 
in  a  convergent  flow  is  not  so  intense  when  EQ  changes. 
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Fig.  10.  Influence  of  degree  of  turbulence  on  pro¬ 
file  and  tip  lessee  in  reaction  and  action  cascades 
for  different  M  and  Re  numbers. 

When  F.q  >  2-3#  the  profile  loses  in  the  cascades  increase,  whereby  the  greatest 
increase  occurs  in  action-type  cascades,  while  the  tip  losses  Increase  less  intensely. 

A  detailed  analysis  of  the  structure  of  flow  in  cascades  for  large  EQ  shows 
that  as  the  degree  of  turbulence  increases,  the  frictional  losses  in  the  boundary 
layer  usually  increase.  For  an  estimate  of  the  increase  of  £,  depending  upon  Eg, 
it  is  possible  to  use  the  curves  in  Fig.  10.  Here  it  is  necessary  to  know  the 
tentative  values  of  EQ  in  the  stage  being  designed.  Minimum  Eg  are  detected  in  the 
first  turbine  stage,  and  maximum  in  the  intermediate  stages.  Corresponding  measure¬ 
ments,  carried  out  at  the  MEI,  showed  that  the  degree  of  turbulence  for  various  stages, 
depending  upon  Re  and  M  numbers,  varies  in  the  range  of  EQ  »  6 -25#. 

It  should  be  emphasized  that  the  influence  of  Eg  is  less  perceptible  at  large 
Re  and  M  numbers,  especially  in  the  zone  of  transonic  velocities,  where  a  partial 
or  complete  degeneration  of  turbulence  in  the  boundary  layers  is  detected.  For  this 
reason,  the  influence  of  Eg  is  different  for  stages  that  operate  in  various  intervals 
of  change  of  Re  and  M. 

Experiments  conducted  at  MEI  showed  that  even  with  a  high  turbulence  of  flow 
at  the  entrance,  at  large  numbers,  in  the  cascade  channels  there  is  detected  a 
reverse  transition  of  the  turbulent  boundary  layer  to  the  laminar  boundary  layer. 

The  reverse  transition  Is  accomplished  gradually  near  the  throat  section  and  part 


of  the  bock  In  the  slanting  shear  is  flowed  around  by  the  laminar  layer. 

Lamina rizatlon  of  the  boundary  layer  is  explained  by  the  stabilizing  influence 


on  layer  rendered  by  the  large  negative  pressure  gradients  that  appear  on  a  signifi¬ 
cant  portion  of  the  back  contour.  An  intense  convergent  flow  is  especially  charac¬ 
teristic  for  transonic  and  supersonic  velocities.  At  these  velocities  on  the  back  of 
the  profile  in  the  slanting  shear,  to  the  point  of  incidence  of  the  shock  on  the  back, 
the  layer  turns  out  to  be  laminarized. 


Pig.  11.  Characteristics  of  reverse  transition  of 
turbulent  to  laminar  boundary  layer  according  to 
MEI  experiments  M.  *=  1.27:  a  —  velocity  profiles 
in  boundary  layer1on  back;  b  —  change  of  thickness 
of  inpulse  loss  along  back;  y  —  distance  from  back; 

6  —  thickness  of  layer. 

Experimental  confirmation  of  the  reverse  transition  at  transonic  and  supersonic 
velocities  is  given  in  Fig.  11,  which  represents  the  velocity  profiles  and  thickness 
variation  of  impulse  losses  along  the  back  for  small  turbulence  (curve  1)  and  for 
artificial  flow  turbulence  in  a  channel  (curve  2). 

It  is  obvious  that  a  reverse  transition  for  a  nonseparated  flow  leads  to  a 
lowering  of  profile  losses  in  the  cascade.  However,  if  on  the  exit  section  of  the 
back  there  forms  a  diffusion  region,  the  cascade  losses  increase  intensely,  since 
the  laminar  layer  is  easily  separated.  At  transonic  and  supersonic  velocities, 
separation  on  the  back  of  a  profile  is  caused  by  shocks. 

In  those  cases  when  the  cascades  of  stages  being  designed  cannot  be  taken  from 
the  standards  or  the  atlas  of  profiles,  the  aerodynamic  properties  are  calculated 
with  empirical  and  semi- empirical  formulas.  We  shall  consider  the  method  of  calcu¬ 
lating  the  Individual  components  of  energy  losses  which  is  used  at  MEI. 

The  frictional  loss  coefficient,  taking  compressibility  into  account,  is  generally 


calculated  by  the  formula 


/**•«,- 2  *,*^****' 


(11) 


Here 


■-(sr-  -& -t- 


=  — -  is  the  dimensionless  flow  rate  at  the  trailing  edges  of  the  profile  (the 
1  c«i  rate  referred  to  the  velocity  of  flow  into  a  vacuum  cM)j 

P.j t  is  the  same  quantity  for  an  isentropic  process  (without  losses); 

6*»  is  the  depth  of  the  impulse  loss; 

H*  is  the  relation  of  the  depth  of  energy  and  pulse  losses,  which  is 
approximately  constant  and  equal  to  H*  -  1.8; 

t  is  cascade  pitch; 

is  the  outlet  angle  of  flow. 

In  accordance  with  equation  (11),  summation  is  carried  out  along  the  concave 
and  convex  surfaces  at  the  trailing  edges. 

The  relative  depth  of  the  pulse  losses  on  the  back  and  the  concave  surface  is 
determined  by  the  following  formulas: 

a)  for  small  longitudinal  pressure  gradients 


a** 


r 


(12) 


where  L  is  the  length  of  the  back  or  the  concave  surface; 
b)  for  large  longitudinal  pressure  gradients 


5** 


(O) 


The  functions  f i ,  f?,  iy  cp1,  <p2,  and  <p y  which  depend  on  are  determined  by 
means  of  graphs  (or  formulas)  given  in  the  Appendix;  is  the  value  of  5  in  the 
beginning  of  the  turbulent  section  of  the  layer.  For  a  completely  turbulent  ''low 


n round  a  profile,  F> 


0 


=  0. 


The  Reynolds  number  is  calculated  with  respect  to 


sin  I  1.1  tig  speed  and  the  value  of  kinematic  viscosity  on  the  surface  of  the  profile: 


Re,  ~ 
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Formulas  (11),  (12),  and  (13)  are  essentially  simplified  for  an  incompressible 
fluid,  since  the  functions  that  consider  coapresslbillty  (f^,  fg,  etc.)  become  equal 


to  zero. 

In  the  determination  of  frictional  losses  one  may  also  consider  the  high 
turbulence  of  flow.  The  depth  of  the  pulse  losses  in  this  case  is  determined  by 
means  of  V.  A.  Yrublevskaya's  approximate  formula: 

(14) 

where  5_  is  the  value  of  5  for  large  values  of  the  degree  of  turbulence, 

K0  Eq  >  O.55C  and  AEQ  -  EQ  -  0.005; 

5^*  is  the  relative  depth  of  pulse  losses  when  Eg  *  O.556; 

A  is  an  experimental  coefficient  that  depends  on  the  type  of  cascade  (longi¬ 
tudinal  pressure  gradient). 

For  nozzle  cascades  at  low  velocities  (M^  *  0.5)  it  is  possible  to  assume  that 
6  =  6,  1,0-*-  «wf  (Re)  =  22- M  Rel0-«  +  0,86R«*.10-“ 

For  an  action  cascade:  b  «*  6  and  A  «*  1. 2-1.4. 

During  the  calculation  of  profile  losses,  when  talcing  into  account  a  raised 
degree  of  turbulence,  one  should  consider  the  decrease  of  parameter  H*  in  formula 
(11).  According  to  MEI  experiments,  as  EQ  increases  to  10j£,  the  parameter  H*  decreases 
by  12-1556  r,nd  is  equal  to  H*  «  1.53-1.6. 

The  increase  of  profile  losses  is  approximately  estimated  by  means  of  the 
graphs  in  Fig.  10. 

Edge  losses  for  a  small  edge  thickness  cm  be  determined  by  TsKTI  formulas 
(M.  I.  Zhukovskiy  and  N.  A.  Sknar»): 


“  0,033 


for  nozzle  cascades,  and 


r  „  0,046 —^2—  -  0,046 


for  moving  cascades  of  the  action  type.  Here  Av_  is  the  thickness  of  the  trailing 
edge;  In  the  width  of  the  throat  area. 

Edge  losses  may  be  tentatively  determined  by  Flyugel's  formula: 


m 


^  yf'. 


where  K  is  a  coefficient  that  depends  on  the  geometric  and  performance  parameters 
of  the  cascade . 

Experiments  conducted  at  MEI  indicated  that  in  a  known  range  of  change  of 
Ajjp/a^j  the  dependence  of  ^Kp(A^/a^)  is  also  linear.  Consequently,  formula  (17) 
obtained  experimental  confirmation.  However,  in  accordance  with  the  experimental 
data  presented  in  Pig.  12a,  coefficient  K  varies  within  the  limits  of  K*  0.11-0.27 
where  the  smaller  values  of  K  pertain  to  nozzle  cascades.  It  should  be  emphasized 
that,  depending  upon  the  method  of  changing  the  relative  thickness  of  the  edge 
Ajjp/ag,  the  linear  character  of  the  curves  ^(^p/^)  is  disturbed.  This  is  con¬ 
firmed  by  the  location  of  experimental  points  on  the  curves  in  Fig.  12a,  which  were 
obtained  for  various  pitch,  profile  angles,  and  trailing  edge  thicknesses. 


Fig.  12.  Characteristics  of  edge  losses  depend¬ 
ing  upon  edge  th'ckness  and  conditions:  a  — 
edge  losses;  b  —  depth  of  pulse  losses  and  para¬ 
meter  H*  under  different  conditions.  Profile 
TC-1A,  MEI  experiment. 


The  MEI  experiments  also  showed  that  the  depth  of  the  pulse  losses  on  the  back 
and  concave  surface  at  the  trailing  edge  and  the  parameter  H*  do  not  depend  much  on 

Aitp  (:c0  12b)»  the  rati-°  6cn/6Bor  ’  dePenain£  uP°n  Rei  and  changes 

very  little  and  varies,  from  3. 3  to  4.0.  The  curves  in  Fig.  12  show  that  the  edge 

losses  at  subsonic  velocities  depend  very  little  on  the  and  Re^  numbers.  Profile 

losses  in  the  cascade  are  determined  by  the  sum  C  =  t  +  f 

J  ^np  sTp  ’Kp 

At  low  subsonic  velocities,  for  a  tentative  calculation  of  profile  losses  It  Is 


possible  t.o  use  the  following  fornula  [48]: 


where  6**  is  the  mean  value  of  the  depth  of  pulse  losses  determined  by  the  formula 


=  y  (4m  +  W' 


Substituting  6**  =  £b  Re"m  and  ag  -  t  sin  a±  ^  *  bT  sin  a1  3q,  where  a±  ^ 
®2 

=  arc  sin  is  the  effective  cascade  angle,  we  will  obtain 


RcM/iiaa,^ 


Here  m  <=  0.5  for  laminar,  and  m  »  0.25-0.3  for  turbulent  conditions;  according 
to  Zal'f,  £  *  0.05-0.17.  For  a  recalculation  of  profile  losses  from  one  edge  thick¬ 
ness  to  the  other,  it  is  possible  to  use  formula  (17): 


At,,-* 


where  ()  is  the  edge  thickness  of  the  initial  profile. 

Tip  losses  are  determined  by  the  MEI  formula: 

t..0(,+s[|+fW3i£]\-c»>fc).  C‘ 

Pp 

Coefficients  A,  B,  m  and  K.  are  given  in  Table  3.  The  function  <p(X)  *  —  is 
the  density  ratio  before  and  after  the  cascade  and  is  expressed  by  the  formula 


f  (*)  •=  ^ 


/  i-sy^ 
/  * 


whore  f, ,  and  are  the  dimensionless  velocities  before  and  behind  the  cascade. 

For  calculation  of  tip  losses  it  is  possible  to  use  certain  approximate  dependen¬ 
ces  and,  In  particular,  the  TsKTI  formula: 

C,  =(0,02 -i- 0,03)*--,  (21) 

whore,  as  already  Indicated,  depending  upon  the  parameter 

/ ...  _  v2 


(sin 
sin  a 2 J 


for  nozzle  cascades. 


or 


for  moving  cascades,  the  tip  losses  are  represented  in  the  standards. 


Table  3.  Values  of  Constant  Coefficients  in  the  For¬ 
mula  for  Tip  Losses 


The  outlet  angles  of  flow  from  the  cascade  are  calculated  by  means  of  the 
approximate  formula 

Ot^arcsin/R'^-,  (22) 

where  m0  is  a  coefficient  that  depends  on  the  type  of  cascade  and  the  conditions  of 
flow  (Re  and  M  numbers),  which  vary  within  the  limits  of  mQ  *=■  1-1.1.  In 
many  cases,  at  subsonic  velocities  it  is  possible  to  assume  that 

m  _  — L. —  (a  Is  the  thickness  of  the  trailing  edge  of  the  profile). 
u  t  "  «p  ‘ 

Calculation  by  means  of  the  above-mentioned  formulas  permits  us  with  sufficient 
accuracy  to  determine  the  profile  characteristics  and  tip  losses  of  normal  cascades. 

A  comparison  of  calculated  and  experimental  characteristics  is  shown  in.  Fig.  13. 
The  calculated  and  experimental  values  of  the  depth  of  pulse  losses  coincide  satis¬ 
factorily  for  different  degrees  of  turbulence  (see  Fig.  13&).  Analogous  conclusions 
may  also  be  made  by  comparing  the  profile  characteristics  (see  Fig.  13b).  It  should 
be  noted  that  formula  (P2)  does  not  consider  the  effect  of  Re  number  on  the  outlet 
angle  of  flow;  therefore,,  ir.  the  zone  of  low  Re  numbers  there  is  noted  a  considerable 
divergence  of  experimental  and  computed  values  of  a^. 
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Fig.  13.  Comparison  of  experimental  and  calculated  cascade  characteristics: 
a  —  depth  distribution  of  pulse  losses  along  the  back  of  action  and  reaction 
cascades  for  different  degrees  of  turbulence:  —  •  —  •  —  experiment; 

- calculation  for  TC-1A  cascade;  - calculation  for  TP-2A.  b  — 

profile  and  total  (for  l  «=  1.25)  losses  in  TC-1A  reaction  cascade;  — ——  ex¬ 
periment,  -  calculation  by  formulas  (11),  (16 ) ,  and  (20);  —  loss  in 

TC-1A  cascade,  depending  upon  height,  inlet  angle  of  flow,  and  overlap:  — 

experiment; - calculation  by  formulas  (11),  (16),  and  (21);  —  .  —  • 

calculation  by  formulas  (11),  (16),  and  (20). 


Calculation  of  tip  losses  by  formula  (21)  gives  satisfactory  results  for  large 
Re  numbers  and  T ^  z  0.4  for  reaction  cascades.  For  lower  heights  and  arbitrary  Re^, 
formula  (20)  is  more  exact  (see  Fig.  13c). 

The  presented  method  of  calculating  cascade  characteristics  and  the  experimental 
data  pertain  to  aerodynamically  smooth  blade  surfaces.  Investigations  show  that  in 
actual  use  the  surface  roughness  Is  essentially  increased  due  to  corrosion  and  erosio: 
of  blades,  and  also  as  a  result  of  salt  deposit.  Tentative  values  of  absolute  blade 
roughness  are  given  in  Table  4. 

For  the  characteristics  of  the  state  of  blade  surfaces  we  introduce  relative 
roughness,  Jc|H  =  k^/b  (or  =  b/km). 

Profile  and  total  losses  in  cascades  depend  on  relative  roughness,  with  the 
increase  of  which  the  losses  increase  and  the  Re  number  that  corresponds  to  the  be¬ 
ginning  of  the  region  of  practical  self-similarity  decreases.  In  flow  around 


Table  H .  Values  of  Absolute  Blade  Roughness 


St«t«  .f 

fcltd. 

aurfaaa 

;  round  and 

pollabad 

Uadaa 

*hlad  and 
i-tm-  bladaa 

CKm  dad 

blab 

aurfaaaa 

PntWia. 
aaat  Uadaa 

Hi 

Is 

31 

WWW* 

h»!*ht  of 
rra#> 

jroJ»cUojia 

kmin 

1 

i 

<M»1S — CUQ9S 

4 

rns-ojn 

Qj06— (US 

M'-(M 

aerodynamically  smooth  surfaces,  the  coefficient  of  profile  losses  decreases  as  the 
Reynolds  number  Increases,  and  in  a  logarithmic  grid  this  dependence  is  approximately 
depicted  by  a  slanted  straight  line  (Pig.  14).  The  position  of  the  straight  line 
lg  £np  =*  f(lg  Re)  depends  01.  the  type  of  cascade,  the  inlet  angle  of  the  flow, 
the  degree  of  turbulence,  and  other  parameters  which  affect  £jjp*  Figure  14  shows 
corresponding  straight  lines  that  were  constructed  for  a  group  of  reaction  and 
action  cascades  in  a  turbulent  zone,  depending  upon  certain  parameters. 


I  TP-ZA  trMX  /-»*  •  Tt-BA  Z-S+fX 

UP- MX  6*5%  4-3t  a  1C- BA  £,-Z*JX 


Fig.  1l|.  Dependence  of  profile  losses  on  Reynolds 
number  for  different  cascades  at  various  inlet 
angles  and  different  initial  degrees  of  turbulence. 
The  thin  dotted  line  shows  the  grid  that  cor¬ 
responds  to  roughness  according  to  A.  Zal'f . 

The  line  T  -  T  determines  losses  in  the  turbu¬ 
lent  r.one  for  a  smooth  surface.  Experimental 
curves:  -  action  cascades;  -  re¬ 

action  cascades. 


For  each  cascade  It.  is  possible  to  note  three  characteristic  regimes  of  flow. 

,  when  the  thickness  of  the  inner  portion  of  the  boundary  layer  with  maximum 
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At  low  Re 


velocity  gradients  considerably  exceeds  the  average  size  of  the  rough  projections, 
roughness  does  not  affect  cascade  losses,  i.e.,  the  blade  surfaces  may  be  considered 
as  being  aerodynamically  smooth.  As  the  Re  number  increases,  the  portion  of  the 
boundary  layer  that  is  near  the  wall,  and  also  the  whole  layer,  will  be  tapered  and 
the  rough  projects  will  gradually  protrude  into  the  outer  portion  of  the  layer, 
wh~re  their  flow  occurs  with  separations  of  flow  and  eddy  formations.  There  is  then 
a  <»narp  increase  in  the  intensity  of  turbulence  and  frictional  losses  in  the  boundary 
layer;  the  profile  losses  increase  as  Re  increases.  Such  conditions  should  consider 
as  a  transition  to  conditions  of  flow  with  raised  roughness  which  are  characterized 
by  the  Independence  of  £np  on  Re  ("self-similarity"  conditions  with  respect  to  Re 
number). 

A  comparison  of  the  lines  in  Fig.  14  shows  that  the  beginning  of  the  transition 
to  the  zone  of  raised  roughness  essentially  depends  on  the  longitudinal  pressure 
gradient,  the  initial  degree  of  flow  turbulence,  the  inlet  angle  of  the  flow,  and 
also  the  shape  or  tne  profile  and  the  channel.  These  parameters  also  affect  the  ex¬ 
tent  of  the  transition  regime.  The  grid  of  dotted  lines  plotted  on  Fig.  I1* ,  which 
was  constructed  according  to  G.  A.  Zal*f,  is  conditional;  the  experimental  charac¬ 
teristics,  depending  on  the  enumerated  factors,  can  essentially  deviate  from  the 
dotted  gird. 

The  influence  of  roughness  on  £np  may  be  considered  by  means  of  the  experimental 
data  obtained  for  one  roughness  b/kffi.  After  excluding  the  transition  section,  we 
can  find  the  salient  point  at  which  the  slanted  line  of  losses  passes  into  a  horizon¬ 
tal  line.  For  this  point  the  transition  Re  number  is  equal  to: 


R*»»*  —  C  » 


(2?) 


where  coefficient  C  is  kept  constant  for  the  given  cascade  at  fixed  values  of  E0, 

a0,  and  .  A  change  of  these  quantities  leads  to  a  change  of  Renep,i.e.,  coefficient 

C. 

The  existing  experimental  data  were  insufficient  for  working  out  a  reliable 
method  of  calculating  £np  when  taking  roughness  into  account.  The  works  along  this 
line  do  not  consider  the  decisive  influence  of  initial  turbulence  on  the  dependence 
of  £np  (Re).  A  rough  estimate  of  the  influence  of  roughness  can  be  obtained  by 


-39- 


calculating  the  depth  of  pulse  losses  at  the  trailing  edges  for  various  roughness.* 
Another  method,  developed  by  G.  A.  Zal'f ,  involves  the  use  of  formula  (23)  for 
a  zone  of  raised  roughness.  By  substituting  Re^  =  Cb/kg  into  equation  (15),  we 
obtain: 


(24) 


where  coefficient  C  is  determined  according  to  cascade  tests  for  one  roughness. 
Depending  upon  EQ  and  oQ,  the  following  values  of  coefficient  C  are  obtained: 

c  =  200-500. 

In  conclusion,  let  us  note  that  for  large  negative  pressure  gradients,  which 
cause  a  reverse  transition  of  the  turbulent  regime  into  the  laminar  regime,  the  region 
of  raised  roughness  (the  region  of  independence  of  Cjjp  on  Re^)  can  gradually  transfer 
into  the  laminar  zone. 

The  calculations  with  the  given  formulas;  and  also  the  experiments  cascade 
characteristics,  which  are  included  in  the  atlas  and  standards,  do  not  consider  the 
influence  of  nonuniformity  of  the  velocity  field  with  respect  to  height  on  tip  losses. 

Experiments  have  indicated  that  the  influence  of  nonuniformity  essentially  de¬ 
pends  on  the  character  (structure)  of  the  nonuniformity.  The  appropriate  corrections 
can  be  made  only  after  accumulating  the  necessary  experimental  data. 

§  5.  NOZZLE  CASCADES  OP  LOW  HEIGHT 

The  new  cascades  that  are  listed  in  the  atlas  and  in  the  standards,  as  shown 
above,  have  small  profile  losses  (1.5  to  3.0#  for  reaction  cascades,  and  3.5  to  5# 
for  action  (impulse)  moving  cascades  (with  low  flow  turbulence  and  little  roughness). 

However,  for  low  heights  a  decisive  value  is  obtained  by  the  tip  losses,  which 
reach  large  magnitudes  in  cascades  that  are  made  from  well  streamlined  profiles. 
Further  Improvement  of  the  profiles  of  nozzle  cascades  for  decreasing  tip  losses  does 
not  lead  to  perceptible  results.  Considering  that,  for  low  blade  heights  the  flow  in 
an  annular  cascade  has  a  clearly  expressed  three-dimensional  structure,  for  decreasing 
the  tip  losses  one  should  resort  three-dimensional  designing  of  vane  channels. 


»The  investigation  of  the  Influence  of  roughness  on  cascade  losses  was  the  sub¬ 
ject  of  a  paper  by  G.  Yu.  Stepanov,  G.  A.  Zal'f,  Shpeydel*,  and  A.  S.  Laskin. 
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For  decreasing  the  tip  losses  in  convergent  channels,  it  is  necessary  to  lower 
the  velocities  on  sections  of  maximum  channel  curvature,  where  secondary  flows  are 
intensely  developed,  and  to  ensure  the  most  convergent  motion  in  the  slanting  shear, 
which  promotes  thinning  of  the  boundary  layers  on  the  back  of  the  profile  and  also 
on  the  upper  and  lower  walls  of  the  channel. 

This  problem  is  solved  by  means  of  designing  channels  with  respect  to  height 
(in  the  meridional  plane).  Various  means  of  designing  channels  with  respect  to 
height  are  possible:  a)  symmetric  contraction,  which  can  be  carried  out  with  recti¬ 
linear  [Jj  or  curvilinear  bevels;  b)  asymmetric  contraction,  which  also  is  done  with 
rectilinear  or  curvilinear  generatrices  [22];  c)  designing  that  ensure  motion  on  a 
hyperboloid  of  rotation  foi  the  purpose  of  equalizing  the  pressures  in  the  peripheral 
and  root  areas  (stage  with  constant  reaction  along  radius).  In  the  last  case,  the 
problem  connected  with  decreasing  the  tip  losses  are  unsolved. 

Contraction  that  is  symmetric  with  respect  to  height  does  not  make  it  possible 
to  decrease  the  difference  in  height  reactions,  and  the  decrease  in  tip  losses  Is 
insufficient  in  this  case,  since  in  an  annular  nozzle  cascade  the  distribution  of 
losses  with  respect  to  height  is  asymmetric. 

Asymmetric  contraction  makes  it  possible  v»  solve  both  problems:  decrease  the 
tip  losses  and  decrease  the  radial  pressure  gradient.  The  optimum  form  of  contraction 
essentially  depends  on  the  basic  geometric  (0,  d/b,  shtoe  of  profile,  pitch  and 
blade  angle)  and  performance  parameters  of  the  stage. 

Some  results  of  an  experimental  investigation  of  regular  and  annular  cascades 
with  asymmetric  contraction  are  examined  below. 

Figure  15a  represents  loss -distribution  curves,  with  respect  to  height,  of 
regular  reaction  cascades  and  annular  ones  having  cylindrical  contours  with  a  MEI 
TC-2A  profile.  In  the  regular  cascade  (curve  1)  the  regions  of  increased  losses  are 
arranged  symmetrically  with  respect  to  height  and  the  local  loss  factors  in  the  zone 
of  secondary  flows  are  identical  for  the  two  regions.  In  the  annular  cascade  (curve  2) 
we  find  the  asymmetric  arrangement  of  eddy  regions,  whereby  the  losses  in  the  root 
areas  are  essentially  higher  than  in  the  peripheral  areas.  The  total  losses  in  the 
annuLar  cascade  are  Increased  as  compared  to  the  regular  cascade. 

Fl/’Hro  15b  presents  the  distribution  of  losses  with  respect  to  the  height  of  n 
regular  cascade  with  different  types  of  upper  contours.  A  comparison  of  the  loss 
coefficients  indicates  that  the  best  results  are  obtained  with  the  introduction  of 
contraction  In  the  zone  of  the  slanting  shear  (variant  k),  i.e.,  in  the  region 


located  behind  the  most  curvilinear  section  of  the  channel. 


Pig.  15.  Loss  distribution  in  annular  and  regular 
reaction  cascades:  a  —  in  regular  cascade  1  and 
in  annular  cascade  with  cylindrical  contours  2; 
b  —  the  same.  In  regular  cascade  with  various 
upper  contours. 

As  compared  to  the  cascade  that  has  rectilinear  contours  (variant  1),  the  less 
distribution  in  the  cascade  with  contraction  essentially  changes:  at  the  profiled 
wall,  the  losses  are  kept  practically  constant  (or  increase  very  insignificantly), 
and  at  the  opposite  straight  wall,  they  sharply  decrease.  A  certain  lowering  of 
loss  factors  is  also  noted  in  the  mid-sections  of  the  channel,  which  is  a  result  of 
increasing  the  convergence  of  the  slanting  shear.  The  introduction  of  sharp  contrac¬ 
tion  (variant  2)  or,  conversely,  making  the  upper  contour  very  sloping  (variant  5), 
does  not  provide  a  very  noticeable  decrease  in  losses. 

The  ol .atned  results  —  a  considerable  decrease  of  losses  in  a  nozzle  cascade  of 
low  height  with  asymmetric  contraction  at  the  exit  area  —  are  easily  explained  by 
chc  griphs  of  pressure  distribution  along  the  profile  (Fig.  16a).  With  the  introduc¬ 
tion  of  contraction,  the  pressure  coefficients  in  all  points  of  the  profile,  except 
the  regions  adjacent  to  the  trailing  edge,  increase,  which  indicates  a  decrease  of 
velocities  In  the  channel.  Especially  essential  is  the  fact  that  the  decrease,  of 
velocities  occurs  in  the  most  curvilinear  part  of  the  channel,  where  the  secondary 
flows  arc  Intensely  developed.  In  accordance  with  this,  there  is  a  decrease  in  the 
difference  of  pressures  between  the  concave  and  the  convex  surfaces.  Thus,  in  the 
section  H  --  0.4  and  5"  =  0.7  the  pressure  difference*  is  5p  «  pBcr  "  Pen  =  ~  0.5  = 

=•  0.60  for  a  cascade  with  straight  walls;  after  including  contraction,  this  difference 

"Here  and  subsequently  the  pressure  coefficients  p  are  determined  by  the  following 
formula:  r  =  ( (p,  -  p^ )/(p^Cj/2) ] :  where  p^  is  the  pressure  at  a  point  on  the  pro¬ 
file;  | , ,  and  e.  ere  the  pressure,  density,  and  velocity  behind  the  cascade. 
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will  decrease  to  5>  »  1.12  -  0.8  -  0.32,  i.e.,  by  two  times. 


Pig.  16.  Change  of  pressure  distribution  along  a  pro¬ 
file  and  losses  for  two  kinds  of  upper  contours  of  a 
reaction  cascade:  a)  pressure  curves  along  profile 
and  upper  profiled  wall:  I  —  straight  upper  wall,  II  — 

profiled  upper  wall: - calculation  according 

to  the  channel  method;  b)  dependence  of  losses  on  b/i 
for  tro  kinds  of  contours;  1  —  for  a  straight  upper 
wall,  2  —  for  a  profiled  uppex  wall. 

At  the  same  time,  if  in  the  cascade  without  contraction  we  observe  maximum 
longitudinal  pressure  gradients  at  the  entrance  sections  of  the  back  (points  8  and  9) 
and  the  pressure  gradients  then  :  0  ply  decrease,  in  the  cascade  with  contraction 
the  greatest  longitudinal  pressure  gradients  are  found  at  the  exit  section  of  the 
back  (points  3-5)  and  the  concave  surface  (points  17-20).  In  a  sharply  convergent 
flow,  the  thickness  of  the  boundary  layers  on  the  profile  contours  and  on  the  end 
walls  of  the  channel  is  decreased,  which  leads  to  a  lowering  in  the  intensity  of  the 
secondary  flows. 

Let  us  also  note  one  more  feature  of  the  pressure  curves:  in  the  cascade  with 
contraction,  the  points  of  the  pressure  minimum  are  somewhat  displaced  along  the  flow 
so  that  the  extent  of  the  diffuser  section  and  the  pressure  gradients  in  it  decrease 
somewhat  for  these  reasons,  in  the  cascade  with  contraction,  not  only  are  the  tip 
losses  reduced,  but  also  the  profile  losses. 

Thus,  the  introduction  of  contraction  at  the  exit  section  of  the  channel  in¬ 
creases  ttie  convergence  of  the  flow  in  the  slanting  sheer,  decreases  the  vel  ci  . e. 


in  the  bend,  shortens  the  length  of  the  diffuser  section,  and  consequently,  the  total 
cascade  losses.  The  loss  coefficient  curves  presented  in  Pig.  l£b  distinctly  show 
that  the  advantage  of  cascades  with  contraction  is  especially  great  for  low  relative 
heights. 

The  effectiveness  of  contraction  is  increased  in  annular  cascades.  In  this 
case  the  introduction  of  contraction  not  only  lowers  the  losses,  but  also  equalizes 
the  velocity  field  in  the  exit  section,  since  the  losses  in  the  root  sections  (where 
£  in  the  usual  annular  cascades  is  higher)  decrease  more  intensely.  Equalization  of 
the  velocity  field  has  a  favorable  effect  on  the  flow  around  a  moving  cascade. 

In  returning  to  the  question  of  the  rational  form  of  contraction,  let  us  note 

that  the  effectiveness  of  a  nozzle  cascade  is  influenced  not  only  by  the  form  of  the 

upper  contour,  but  also  by  the  relative  contraction,  which  is  characterized  by  the 
*0  -  ^1 

quantity  Ai0  =  - 5 - .  The  results  of  corresponding  experiments  are  given  in 

Fig.  17b.  Here  it  is  distinctly  shown  that  the  optimum  values  of  AIq  depend  on  the 
cascade  height,  i.e.,  absolute  contraction  varies  as  cascade  height  varies. 

It  should  be  noted  that  the  curves  in  Fig.  17b,  which  characterize  the  decrease 
of  losses  in  a  cascade  with  contraction  as  a  function  of  AfQ,  are  fiat.  Consequently, 
depending  upon  the  design  parameters  of  the  stage  under  construction  and  the  tech¬ 
nological  factors,  the  value  of  A lQ  may  be  modified  in  sufficiently  wide  limits. 

Let  us  note  that  the  length  of  the  upper  profiled  wall  of  the  channel  is  increased 
as  compared  to  an  ordinary  cascade  that  has  cylindrical  contours.  For  this  reason, 
the  loss  factors  at  the  profiled  wall  practically  do  not  change,  and  In  certain 
cases  they  even  increase.  Consequently,  too  much  contraction  leads  to  an  enlarged 
surface  of  friction  and  corresponding  losses. 

The  shape  of  the  contraction  curve  can  be  selected  on  the  basis  of  a  calculation 
of  potential  flow  in  the  channel. 

For  this  purpose  we  used  the  channel  method  [38]  and  considered  the  curvature 
of  the  flow  lines  in  the  meridional  plane,  and  also  the  curvature  of  the  flow  lines 
along  the  equ I  potential  lines.  By  assigning  the  shape  of  the  upper  contour,  it  is 
simple  to  find  the  pressure  distribution  along  the  profile,  along  the  upper  and  lower 
surfaces,  and  establish  how  close  the  pressure  profiles  are  optimum.  The  results 
of  corresponding  calculations  for  a  straight  TC-2A  cascade  for  T ^  -  0,35  are  com¬ 
pared  with  the  experimental  data  in  Fig.  16a.  It  is  possible  to  note  a  satisfactory 
convergence  of  the  caleulat-ion  with  the  experiment. 


-44- 


o 


The  wain  problem  concerns  the  selection  of  ‘rational  pressure  profiles  along 
the  blade  contour;  along  the  upper  (profiled)  and<  -the  lower  walls..  On  the  back  it 
is  necessary  to  provide  a  convergent  flow  with  maximum  negative  pressure,  gradients 

in  tl  ’  exit  portion  (see  Fig.  l£>).  On  the  profiled  walls  and  the  lower  walls  the 

\ 

pressure  distribution  should  be  zonvergent  with  gradually  decreasing  pressure  grad¬ 
ients  toward  the  trailing  edges  iin  order  to  ensure  a  uniform  field  of  static  pressures 
at  the  cascade  exit. 

For  providing  a  convergent,  flow  along  the  upper  profiledcontour,  it  is  necessary 
to  bevel  the  shroud  at  an  angle  of  7  =  5-6°  (see  Fig.  lfa)  at  the  channel  exit, 
where  the.  diffuser  section  is  most  probable  (see  Pig.  i6).  Smaller  values  of  7 
pertain  to  welded  diaphragms,  and  larger' ones  refer  to  gang-milled  diaphragms. 

The  shape  of  the  channels  in  the  meridional  plane  depends  on  the  basic  geometric 
parameters  of  the  stage,  in  particular  on-. -the  ratios  0,  and  d/6  (or  1/ b),  since  the- 
introduction  of  asymmetric  contraction  leads  to  a  redistribution  of  static  pressure 
around  the  radius  behind  the  cascade,  i.e.,  to  a  change  in  the  distribution  of  the-  . 
reaction; 

Depending  upon  the  indicated  parameters,  not  only  the  shape  of  the  upper  con¬ 
tour  changes,  but  also  the  lower  one.  In  particular.,  at  certain  values  of  d/b  and 
1/ b  it  is  necessary  to  profile  the  inner  lower  contour  so  that  the  reaction)  in  the 
root  section  is  not  less  thsu  reaction  at  the  vertex.  Here  it  should:  be  noted  that 
with  the  application  of  contraction,  the  magnitude  of  optimum  chord  of  the  profile 
will  be  larger  than  for  stages  with  cylindrical  contours.. 

By  increasing  the  chord  and  keeping  the  relative  pitch  t  =  t/b  and-  absolute 
thickness  of  the  trailing  edge  constant,  it  is  possible  to  lower  edge  losses  in  the 
stage,  and  the  tip  losses1  will  change  less,  significantly  with  the  corresponding 
change  of  the  contraction  profile. 

The  application  of  asymmetric  contraction  in  intermediate  stages  can  lead  to  a 
sharp  increase  of  overlap  at  the  entrance  to  a  nozzle  cascade,  whose  entrance  height, 
l0  (see  Fig.  17a)  is  essentially  larger  -than  its  exit  height  lA.  In  these  cases  the 
nozzle  cascade  should  have  a  diffuser  at  its  entrance;  as  shown  in  Fig.  17a  by  the 
dotted  line.  In  this  case  the  entrance  height  is  selected  smaller  than  lQ, 
whereby  the  difference  in  heights  and  i2  -  the  exit  height  of  the  moving  cascade 
of  the  preceding  stage  —  should  be  within  limits  which  ensure  maximum  utilization  of 
kinetic  energy  at  the  exit. 

Investigations  of  nozzle  cascades  of  intermediate  stages  with  a  diffuser  entrance 
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rh  static  conditions  showed,  that  the  introduction,  of  a  diffuser  has  little  influence 
on  the  contraction  effect  in  the  slanting  shear  when  calculating  the  inlet  angles 
of  flow..  The  results  of  corresponding  experiments  are  shown  in  Pig.  17c. 

The  change  of  total  losses,  depending  upon  the  number,  for  variants  i  and  2, 
remains  practically  identical.  In  a  cascade  with-  cylindrical  generatrices  (variant.  3) 
the  losses  increase  essentially. 

The  influence  of  an  overlap  at  the  entrance  to. the  nozzle  cascade'  ~ 

--  i  )].  is  shown  in  Fig.  17d.  The  advantages  of  a  cascade  with  a  diffuser  entrar„  e 
and  asymmetric  contraction  at  its  exit  are  retained  in  the  interval  of  inlet  angles 
a0  ~  65-110°. 

Thus,  with  "the  use  of  nozzle  cascades  with  a  more  complicated  shape  of  the 
upper  contour,  the  problem  of  increasing  the,  efficiency,  of  the  Intermediate  stages 
may  be  solved  with  low  blade  heights. 

For  an  estimate  of  the  total  losses  £  ^  in  MEI.  straight  nozzle1  cascades  with 
optimum  contraction,,  depending  upon  height ■,  the  following  formula  may  be  used: 

t«  =  C„+0.756//lf  (25) 


which  is  valid  for  numbers  i  6.76  to  6.9  and.  Re ^  numbers  i 

Profile  losses  <np  can  be  taken  from  the  standards  cr  the  atlas  of  profiles. 

By  applying  ;s”mmetric  contraction-  for  stages  with  short  blades,  the  optimum 
dimensions  of  the  channel  in  the  meridional  plane  should  be  selected  in  accordance 
with  the  data  shown,  in  Pig.  17b  and  d.  Asymmetric  contraction  is  applicable'  for  any 
profile  given  in  the  standards,  and  also  fpr  obsolete  profiles  with  rectilinear 
sections  on  the  back.  Nozzle  cascades  of  group  "B"  should  also  be  manufactured  with 
asymmetric  contraction,  since  -the  advantage  of  cascades  with  such  upper  contours  is 
also  retained  for  low  supersonic  velocities  (M^  *  i.2). 

In  cascades  with  asymmetric  contraction  the  area  of  the  exit  section  is  in¬ 
creased.  This  increase  is  considered  in  the  thermal  analysis  (see  Chapter  IV). 

The  discharge  coefficients,  referred  to  the  actual  area  F,  coincide  with  the 
corresponding  values  of  p  for  a  cascade  with  cylindrical  contours  (see  Fig.  17c). 

§  6 .  MOVING;  CASCADE*?  OF  LOW  HEIGHT 

With  low  relative  heights  of  moving  blades,  the  continuously-convergent  flow  in 
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channels  of  action  cascades  does,  not  insure  minimum  tip  and  total  losses.  ; 

As  shown  by  the  experiments  of  Kh.  Nippert  [22],.  and  lat&rfthe ^experiments  at 
VTI  (3],  the  lcssys  due  to  secondary  flows  in  curvilinear  channels  and5 in  cascades 

of  low  height  do  hot  attain  their  minimum  in:  a  continuously  convergent  flow  if  the  . 

_  -  d.  '  '---S' 

deflection  in  the  channel  is  great  and  the  static  pressures  at  en t ranc e.  and  exit 

-  V  -  £  '(  ~  .  - 

are  close  (action  cascades);  -  -  1  -C  ~ 

The  results  of  these  investigations  show  Inst  the  organization  015,  divergent- 

i  -  “"'U.  ; 

convergent  flow  in  the  vane  channels  of  action  cascade's  with  large  deilectcphs 
aiW=  l80°  -  (Pj  +  (Jg)  leads  to  a  reduction  of  tip  Jps'sesf~  "  ;  .y- 

It  is  possible  to  indicate  various  methods  of.  constructing  cascade  profiles  which 

^  -  *■_  -  -  .  Zr 

satisfy  the  given  requirement.  In  particular,  it  Is  posable  to  create  special  types 
of  profiles  Cor  low  relative  heights.  .  -  -’j.  . 

Another  method,  which  is  considerably  more  e'onpmic.  Consists  in  that  adapting 
the  new  profiles,  which  are  designed  for  conditions  <of-'  two-dimensional  flow,  for 
low  heights  by  means  of  simple  changes  in  prefixe  shape'.  This  method  makes  it 
possible  to  keep  widely  used  profiles  in  production  at  turbine ^construction  plants 
by  introducing  modifications  of  the  original  profiles  for  low  heights. 

For  0  theoretical  construction  of  action  cascades  of  low  height,  after  solving 
the  inverse  problem,  it  is  necessary  to  correctly  select  the  initial  velocity  profile 
on  a  blade,  which  would  ensure  minimum  tip  losses. 

It  is  simple  to  theoretically  prove'  that  the  initial  velocity  profile  depends  on 
the  basic  geometric  parameters  of.  tha  cascade  and  mainly  oh  its  relative  height. 
Considering  the- complexity  of  the  problem  connected  with  a  detailed  calculation  of 
tiip  Losses  an!-  finding  an  optimum- velocity  profile,  it  is  necessary,  to,  carry  out  an 
appropriate  investigation. 

i 

Given  below  are  certain  results  of  an  experimental  study  of  the  shapes  of  pro¬ 
files  of  action  cascades  which  provide  minimum  tip  losses  for  different,  geometric 
parameters. 

The  initial  profiles  selected  for  the  investigation  were  profiles  of  action 
cascades  for  subsonic  velocities  which  were  developed  at  MEIr  TP-OA,  TP-1A,  TP-2A, 
and  TP-3A.  Their  basic  characteristics  are  given  in  Table  1. 

New  profiles,  which  were  intended  for  low  heights,  were  obtained  by  means  of 
undercutting  the  concave  surface  in  such  a  manner  so  that  the  vane  channel  was 
divergent  in  the  beginning,  and  then  convergent.  The  back  of  the  profile  was  kept 


Figure  i8a  shows  two  profiles:  an  Initial  one  (TT-2A)  and  one  With  a  diffuser 
section  at  the  entrance  (TP-2Ak) .  The  (most  characteristic  dimensions  of  the  channel 
are. given  there:  width  at  the  entrance  (a±),  width  of  the  mid-section  of  the  channel 
(afi),  and  width  of  the  throat  area  at  the  exit  (Sg). 


b) 


Fig.  18.  Action  cascade  with  diffuser  section  of 
channel  at  entrance-:  a  —  cascade  profiles;  b  — 
pressure-  distribution  along  profile,  with  various 
divergence  at  entrance;  1  -  cascade! .with  continu¬ 
ously  .converging  channels  (am  =  O.92);  ,2  -  cas¬ 
cade  with  diverging-rconverging  channel  (am  =  1,0.8); 
3'—.  the  same,  for  a^  =  1.2J.  l-ffil  experiments  with- 

=•  25°;  Mg  =  0.6;  -  TP-2A  profile;  - - 

TP-2Ak. 


Cascades  of  the  initial  profiles  are1  characterized  by  the  relations  a  =  —  <  1 
^  8  ^  m 

and  a1  =  —  >  1.  The  new  cascades  (group  "Ax")  have  diffuser  channels  at  the  entrance, 
i.c.,.  they  are  characterized  by  the  relations  am  >  1  and  >  1. 
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It  should  be  noted  that  a  change  In  pitch  and  angle  of  incidence  leads  to  a 
change  ir  the  characteristic  sections  of  the  channel  and  their  relations  am  and  . 

For  certain  values  of  pitch  t  and  angle  of  incidence  0^,  the  initial  profiles  of 
group  "A"  (Table  1)  also  fora  divergent-convergent  channels;  However,  as  a  rule, 
this  does  not  ensure  optimum  convergence  at  the  entrance >  and  in  many  cases  it  does 
not  even  ensure  the  necessary  outl'at  angles  of  flow  that  are  specified  by  'the;  thermal 
calculation  of  pitch.  Furthermore,  with  a  deviation  from  optimum  pitch,  the  cascade 
losses  can  increase. 

Static  tests  were  conducted  on  cascades  for  different  heights  and  relations  of 
an  and  a^,  for  varying  pitch  and  angles  of  incidence,  and  for  overlap  (A  *  3  mm). 

The  limits  of  variation  of  characteristics  of  cascades  in  group  "Ak"  are  shown  in 
Table  5. 


Table  5-  Basic  Geometric  Characteristics  of  Action 
Lattices  of  Group  "Ak:i  for  Low  -Relative  Heights 


CUWtl 

of  Yairlctiim 

.  ralctlvo  ? 

■  pitch  - 

of  Un¬ 
cl'd *ne*  - 

ratio* 

ratio* 

>~£ . 

inlot  oniioo 
of  flow  f*. 

.  TP-OAk 
TP-IAk 
TP-2Ak 
TP-.TAk 

0.65—0.8 

0.58-0.72 

0.56-0.68 

0,52—0,62 

76-80 
75-79 
74-79 
:  54-79  ,, 

1.00-1.23 
1.00^-1.18 
1.00-1. 15 

1 .00-8.08 

1.15-1  JO 
1.15-1  JO 
I.J5— 1  JO 
1.15-1  JO 

17—28 

22-32, 

26-37. 

29-40 

The  velocity  field'  of  the  flow  at  the  entrance  to  the  cascade  being  investigated 
was  nonuniform  with  respect  to  height,  since  the  boundary  layer  was  ipt  drawn  off 
from  the  flat  walls  of  the  delivery  nozzle.  The  thickness  of  the  layer  at  the  entrance 
to  the  cascade  varied  depending,  upon,  the  conditions  and  reached  6  =  2  to  3  mm,  which 
corresponded  to  a  nonuniformity*  of  5  =  y  =  0.1  to,  0.12. 

The  advantages  of  divergent-convergent  channels  at  small  relative  heights  are 
confirmed  by -an  experiment.  Figure  l8b  gives  pressure  profiles  for  channels,  of  TP-2A 
cascades  of  various  shapes.  An  essential  change  cf  the  pressure  profile  may  be  roced 
as  the  divergence  at  the  entrance  is  increased.  In  a  continuously  convergent  channel 
(a^  =  0.98)  the  flow  along  the  back  is  convergent  to  points  (6r5);  from  point  5  to 
the  trailing  edge  there  is  a  region  of  divergent  flow.  On  the'  entire 
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*It  is  possible  to  consider  that  the  test  conditions  of  cascades  with  a  constant 
absolute  overlap  and-  variable  nonuniformity  of  velocity  field  with  respect  to  height 
at  the  entrance  are  most  similar  to  the  actual  conditions  of  flow  around  a  moving 
cascade  in  a  stage.  As  a  rule,  the  overlap  in  all  high-pressure  stages  is  practically 
identical,  and  the  nonuniformity  of  the  velocity  field  with  respect  to  height  varies 
with  the  height. 
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extent  of  the-  concave  surface  the  motion  is  convergent. 

In  channels  with , a  diverging  entrance  the  flow,  along  the  entrie/  *>. section  of 
the  back  (points  12-10)  is  also  convergent. 

In  the  diverging  section  of  a.  channel  for  the  relation  i  =  1.08,  the  pressure 
along  the  back  (points  10-7)  remains  practically  constant,  and  then,  after  point  7, 
it  drops  to  point  3-2.  As  a  result  of  this,  the  diffuser  section  in  the  slanting 
shear  or  the,  back  of  the  profile  is  sharply  reduced  (the  point  . of  the  pressure  iini- 
mum  is  essentially  displaced  through  the  flow).  For  a  blade  height^ Of  Tg.=  1.17  of 
a  cascade  of  TP-2A  profiles,  the  divergence  am  ■  1.08  close  to  optimum;  the  total 
cascade  losses  in  this  cane  will  be  minimum. 

/A  further  increase  o;f  divergence  at  the  entrance  (am  =  1.23)  leads  to  the  appear¬ 
ance  of  a  diffuser  section  on  the  back  of  the  profile  (points  9-7)  with  a  subsequent 
sharp  acceleration  of.  flow..  The  cascade  losses  increase. 

Thus,  it  is  possible  to  note  that  diffuser  sections  on  the  back  of  a  profile 
(for  calculation  of  inlet  angles  g^)  are  undesirable  both,  for  profiles  of  group  "A,” 
and  al so  for  profiles  of  group  "Ak . "  However,  pressure  distribution  along  the 
back  for  short  cascades,  when  calculating  angles  0^,  should  be  more  continuous  and 
have  smaller  pressure  gradients. 

Analysis- of  the  pressure  distribution  on  the  concave  surface  of  a  profile  shows 
that  for  the  case  of  minimum  cascade  losses  (im  =  1.08)  the  .pressure  gradient  -varies 
very  little  up  to  the  maximum  section  of  the  channel  (points  14  to  18)  and  then 
sharply  drops.  Pressure  distribution  on- the  back -and  concave  surface  of  a  profile- 
confirms  that  the  velocities  on  the  section  of  intense  deflection  of  flow  are 
decreased. 

Thus,,  an  analysis  of  the  pressure  profile  makes  it  possible  to  .point  out  the 
causer,  leading  to  a  lowering  of  tip  losses  ,in  cascades  with  divergent-convergent 
channels.  There  are  thsee  causes  of  this: 

1 )  -deflection  if  the  flow  in  the  vane  channel  takes  place  at  a  lower  average 
velocity.  Consequently,,  ihe  trauisverse  pressure  gradient  and  the  intensity  of  leak¬ 
age  from  the  concave  to  the  convex  surface  along  the  end  walls  are  decreased; 

2)  at  th«  exit  section  of  the  back,  where  the  secondary  currents  are  intensified, 
the  flow  becomes  more  convergent,  i.e,,  the  longitudinal  pressure  gradients  increase 
here; 

3)  the  extent  of  the  diffuser  section  on  the  back  in  the  slanting  shear  is 
reduced  since  the  point  of  the  pressure  m''iimum  is  displaced  through  the  flow. 
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As  cen  be  seen  from  Fig.  19a  the>  absolute^yalues  of  the  loss  factors,  in  cascades, 
with  divergent-convergent  channels  decrease,  and,  which  is  no  less  important,  the 
distribution  of  losses  -with  respect  to  height  becomes  more  unifora.  '' 

Figure  19b  represents  the  dependence  of  the  coefficient  of  total  losses  in 
cascades  of  profiles  TP-1A  and  TP-IAk  (am  =  1.15)*  on  relative  blade  height  Tg.** 

-As  can  be  seen  ‘from  the  graph,  for  blade1 
heights  Tg  <  2.86  the  losses  in  the  TP-IAk 
cascade  are  less  than  in  the  TP-1A  one, 
whereby  the'  difference  of  A£  increase 
with  the  blade  height  decreases. 

Only  when  Tg  i  2.86  (see  point  A  on. 
Fig.  19,a)  is  the  TP-1A  cascade  character¬ 
ized  by  smaller  losses,  whereby  the  pro¬ 
file  losses  in  the  cascade  with  continu¬ 
ously  converging  channels  is  approxiniately 
less.. 

By  selecting  an  optimum  relation  of 

a„  for  each  biade  height,  for  cascades 
m 

of  group  "Ak"  as  compared  to  group  "A," 
it  is'  possible  to  obtain  fewer  losses  in 
a  wide  r«mge  of  Tg. 

degree  of  divergence  of  entrance  section;  c 

b  —  the  same1;  depending  upon  (height  for  It  is  necessary  to  consider  that  the 

two  values  of  a  .  . 

m  limiting  height  that  determines  the  region 

of  use 'of  -ascades  of  group  "Ak,"  which  is  shown  in  Fig;  19a  for  am  =  const,  depends 

on  the  deflection  of  flow  in  the  cascade  Ap,, 

A  decrease  of  the  inlet  angle  of  flow  p^  and  a  corresponding  increase  in  the 

deflection  of  flow  “in  the  channel  Ap  leads  to  a  more  significant  lowering  of  losses 

in  divergent-convergent  -channels  as  compared  to  convergent  ones’.  The  loss  minimum, 

as,  the  divergence  of  the  channel  at  the  entrance  is  increased,  is  displaced  toward- 

sirialler  p^ . 

The  data  presented  in  Fig.  19b  Indicates  the  presence -of  optimum  divergence  for 
n  cascade  that  is  designed  -for  specific  operating  conditions  (Mg,  Ap)  and  has  specific 

"The  relation  a;n  -  1.,‘j  is  optimum  for  a  relative  height  of  T »  1. 

‘‘'Analogous  dependences  where  also  obtained  for  profiles  TP-OAk,  TP-2Ah,  and 
T]’-3Ak. 
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Fig.  19-  Losses  in  action  cascades 
with  divergent-convergent  channels: 
a  —  change  of  total  -losses  depending  on 
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geometric  parameters.  The  quantity  &n  Qn„  mainly  depends  on, the  cascade  height.  The 
results  of  corresponding  investigations  are  shown  in  pig.  20a. 

With  the  decrease  of  height,  the  optimum  value;  of  a^  - ,  which  corresponds  to 
minimum  losses,  increases  and  roaches  maximum  at  Tg  *  0.6.  In  cascades  of  lover 

height,  optimum  divergence  decreases, 
and  at  very;  low  heights  (lg  <  0.2), 
obviously;  the  channels  should  be  con- 
vergent. 

It  is  possible  tc  consider  that  at 

extremely,  low  relative  .heights  secondary 

flows  do  not  develop  in  the  channel  and 

/0  the  effect  of  curvature  is  exhibited 

^  _  only  in.  the  formation  of  diffuser  regions 

%  Sly  '3*  '  I  on  the  concave  and  convex  surfaces,  i.e., 

TP- 1  A  .  \  TPMli-Mi) 

.  S>.\  \  .  /  in  a  nonuniform  velocity  distribution. 

:  '' 

\A  The  organization  of  convergent  flow  in 

'hy  >  - _ _  TP-7A  such  a  curvilinear  channel  promotes  a 

•  _ ^-3  lowering  of  losses . 

JP-0AK(i  ftW '  r._  For  the  biggest  deflection,  which 

l5  -  -  •jg  1  '-V  jy  )0  '  •• — - p.  is  ensured  by  the  TP-OAk  cascade,  opti- 

mum  divergence  Is  about  a„  »  i;22, 

m  ,onT 

Fig.  CO.  Characteristics  of  action  cas-  ^  - 

cades  with  divergent-convergent  channels.  for  — e  c®?c®de>;  sm-  oirr 

a  -  total  losses  in  TP-1Akz  depending  «  1  06  a  relative  hel^h*  of  7  -  i  iv 

upon  degree  of  divergence  and  re la-  1,0b  at  a  relative  heigh-  oi  lg  -  1.17. 

tive  height  >tg  ( - -  curve  for  opti-  TP-1Ak  and 'TP-2Ak  cascades  correspondingly 

mum  values  of  a„);  h  —  effect  of  inlet  •  ,  :  .  ... 

m'*  occupy  an  intermediate  position. 

angle on  losses  In  convergent  and  di- 

verffent-converffent  cascades.  Investigation,  of  the  influence  of 
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Fig.  CO.  Characteristics  of  action  cas¬ 
cades  with  divergent-convergent  channels . 
a  —  total  losses  in  TP-IA^  depending 
upon  degree  of  divergence  and  rela¬ 
tive  height  tg  ( - :  curve  for  opti¬ 

mum  values  of  am)j  b  —  effect  of  inlet 
angle on  losses  In  convergent  and  di¬ 
vergent-convergent  cascades. 


another  important  geometric-  parameter  — 

relative  pitch  —  on  the  effectiveness  of  cascades  of  group  "Ak,"  showed  that  -the 
dependence  curve  of \£(l)  for  all  cascades  is  sufficiently  flat.  The  corresponding 
values  of  1;  T  are  shown  in  Table  5. 

As  already  noted  above,  as-  pitch  varies;  the  geometric  divergence  of1  the  entrance 

section  of  the  channel  also  varies.  However,  a  small  deviation  of  the  relation  a 

■  j  ■  m 

from  the  optimum  value  does  not  lead  to  an  essential  change  of  losses. 

it. 

The  influence  of  performance  parameters  on  the  effectiveness  of  cascades  of 
group  "Ak"  may  be  estimated  by  means  of  the  graphs  in  Fig.  20b,  which  gives  the 
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curves  of" Change  of  total  losses  In  cascades  of  group  "Ak"  and  "A,"  depending  upon 
the  Inlet  angle  of  flow  and  the  Mg  number.  Here  we  distinctly  see  two  important 
peculiarities  of  the  -flow  around  these  cascades  at  variable  inlet  angles;  a)  in  a 
sufficiently  wide  range  of  variation  of  -  (10  to  15°)  the  cascade  losses  vary 
insignificantly;,  b)  the  optimum  inlet  angles  for  cascades  of  the  new  group,  as  con- 
pared  to  group  "A,."  decrease,  which  is  explained  by  the  decrease  of  the  inlet  skeleton, 
angle  of  the  profile  due  to  undercutting  of  the  concave  surface. 

The  influence  of  compressibility  (Mg  number)  on  losses  in  cascades  of  the  two 
groups  being  compared  may  be  estimated  by  means  of  experimental  data-.  As  the  Mg 
number  increases,  the- difference  of  losses  in  cascades  of  group  "A"  and  "Ax"  decreases 
somewhat.  However,  within  the  limits  of  the  entire  region  of  investigation,  this 
difference  remains  significant.  This  served  as  a  basis  for  checking,  the (possibility 
of  mak'ng  of  action  cascades  of  group  "B?  —  for  transonic  velocities  (6.95  <  M«  < 

<  T.„ ,  —  v;ith  divergentrconvergent  channels.  A  comparison  of  two  types  of  cascades, 
"B"  and  "Bk,"  shows  that  even  at  low  supersonic  velocities  at  the  entrance,  the 
diffuser  entrance  sections  of  the  channels  have  a  favorable  effect  on  the  losses.  . 

An  experimental  check  was  also  made  for  the  outlet  of  flow  for  certain  types 
of  cascades  of  group  "Ak."  As  shown  by  the  experiment,  the  mean  angles  of  outlet 
from  two  types  of  cascades  are  similar  and  satisfactorily  coincide  with  the,  ones 
calculated  by  the  formula 

k-,rc“'”7r?sr  (26> 

Of  considerable  Interest  is  the  possibility  of  a  calculated  determination  of 
tip  losses  in<  cascades  with  divergent-convergent  channels.-  A  corresponding  check 
showed  that  the  coefficient,  of  tip  losses  may.  be  determined  with  sufficient  accuracy 
by  means  of  formula  (20).  However,  in  this-  case  one  should  consider  that  the  .presence' 
of  a.  diffuser  section  at  -the  entrance,  to  the  channel  leads'  to  an  earlier  transition 
of  the  laminar  regime  to  the  turbulent  regime,  in  connection  with  which,  for  cascades 
of  group  "Ak"  the  coefficient  A  should  be  taken  as  equal  to  O.IJ,  which  corresponds 
to  a  purely  turbulent  flow  at,  the  end  wails. 

For  coefficient  B,  on  the  basis  of  the  experiments  conducted,  a  value  is  obtained 
that  Is  close  to  amity  (13  «  1),  while  in  action  cascades  of  series  "A"  this  value 
amounted  to  1.9. 
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»  ,§  7.  NOZZLE  CASCADES  FOR  TRANSONIC  AND  SUPERSONIC  VELOCITIES 

Optimum  profile  and  channel  shapes,  ays  shown  above,  vary  fpr  transonic  and 
especially  for  supersonic  velocities.  The  nozzle-type  reaction  cascades  for  transonic 
velocities  of  group  "B"  insignificantly  differ  from  the  cascades  of  group  "A."  In 
accordance  with  the  experimental  data,  the  matin  distinction  consists  in  that  the 
back  of  the  profile  in  the  slanting  shear  of  these  cascades  Is  rectilinear.  Copse-  . 
quently,  the  reaction  cascades  of  group  "B"  can  be  obtained  by  means  of  deformation 
of  the  exit  section  of  a. profile  of  group  "A."  As  a  result  of  this  deformation, 
the  curvature  of  the  concave  surface  decreases,  and  the  back  in  the  slanting  shear 
becomes  rectilinear  .{see  Fig.  2).  Any  profile  of  the  reaction  cascades  of.  group  "A" 
can  be  reconstructed;  In  such  a  way,  where  the  shape  of  the  channel  in  the  zone  of 
narrow  cross  section,  and  consequently  also  the  curvature  of  the  concave  surface, 
are  determined  by  means  of  calculation  according  to  the  channel  method  (§  2).  The 
back  is  made  rectilinear  from  the  narrow  cross  section  (the  point  of  tangency  of  the 
curvilinear  section  with  the  Rectilinear  section  is  recessed  somewhat  into  the  depth 
of  the  channel).  The  pressure  distribution  along  the  back  in  the  slanting  shear- is 
calculated  by  the  method  of  characteristics  for  >  1.  Corresponding  methods  of 
calculation  are  shown  in  [22,  30] .  Nozzle  cascades  of  group  "E"  are  used  for  veloci¬ 
ties  of  0.9  <  M±  <  1.25. 

The  expediency  of  making  rectilinear  sections  oh  the  back  in  the  slanting  shear 
is  necessitated'  by  the  fact  that  at  nigh  velocities  the  overexpansion  of  flow  in 
.the  slanting  «.  iear  will  be  smaller.  In  accordance  with  this,  the  intensity  of  the 
resulting  shocks  is  lowered  and  the  probability,  of  boundary  layer  separation  is 
decreased. 

For  an  estimate  of  the  losses  and;  outlet  angles  of  flow  in  nozzle  cascades  of 

group  "B,"  the  curves  presented  in  Fig.  ,21a  and  b  may  be' used.  Here  for  cascades  of 

the  type  TC.‘.a  and  TC-E,  generalized  curves  of  corrections  fo-P-  and  are 

SpB  tg“lE 

ven  as  functions  of  number,  which  are  suitable  for,  all  cascades  of  this  group., 
the  profiles  of  which  are  obtained  by  means  of  deforming  the  initial  profiles  of 
group  "A." 

Nozzle  cascades  for  high  supersonic  velocities  (M^  >  1.2)  are  manufactured  in 
three  typer:  with  converging  channels  and  concave  back  in  slanting  shear  (see  Fig.  2b 
with  siighl Ly  diverging  channels  and;  concave  back  in  slanting  shear  (see  Fig.  2c ),, 
ard  wii'  diverging  channels  (see  Fig,  2d), 
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Pig.  21.  Generalized  corrections  that  con¬ 
sider  the  influence  of  compressibility  (M^ 

number)  on  -profile  losses  and  outlet  angles 

of  flow;  in  cascades  of.  groups  "A"  and  "B":  ’ 

a  —  relative  increase  of  profile  losses  in 
cascades  of  group  "A";  b- relative  increase 
of  outlet  angle  in  cascades’ of  group  "A." 

•If  the  vane  channel  of  a  cascade  is  convergent  before  the. narrow  section,  and 
the  back  in  the  slanting  shear  is  calculated  according  to  the  methpd  of  characteristics, 
in  such  a  way  so  that  along  the  back  there  is--  no  overexpahsion  of  flow,  then  in  this 
cascade  the  energy  losses-  at  supersonic  velocities  will  be  small  due  to  the,’  smaller 
intensity  of  shocks,.  vand  also  because  the  reflected  shock  does  not  lead  to -separation. 

.  t 

Actually*  the  calculated  number  is  reached  in  the  slanting  shear,  whose  cross 
sections  are  increased  along  the  flow,  owlng  to  the  concave  shape  of  the  back.  Since 
the  concave  back  annihilates  reflected  expansion  waives,  the  overexpansion  of  flow  in 
the  sW.ting  shear  is  small,  and  correspondingly,  the  intensity  of  the  resulting 
shb'cks  is  small.,  At,  the  same  time,  the  function  of  -.the  reverse  concavity  on  the 
back;  i,e.,  tp  decrease  the  angle  between* the  velocity  vector  behind  the  shock  and 
tangent  to  che  back  of  the  profile,  is  to  decrease  the  danger  of  separation  of  flow. 
Theoretically,  the  most  advantageous  shape,,  from  the  point  of  view  of  the  velocity, 
distribution  in  the  section  behind  the  cascade,  is  the  concave  back  that  is  constructed 
as  a  flow  line  in  the  flow  around  an  angular  point  (the  edge  of  ahe  preceding  blade). 
However,  with  chis  type  of  back,  it  is  impossible  to  construct  a  one-dimensional 
cascade  of  profiles,  since  the  angle  of  formation  of  the  trailing  edge  is  negative. 


Consequently,  an  important  problem  when  shaping  the  back  of  -a  blade  in  the 
slanting  shear  of  a  cascade  with  convergent  channels  is  to  provide  a  design  angle  of 
the  trailing  edge  (1  to  2°).  As  experiments  show,  the  region  of  intense  growth  of 
losses  extends  to  higher  number's  if  the  back  of  the  profile  in  the  slanting  shear 
is  convex-concave. 

Figure  22  shows  one  of  the  variants  of  constructing  the  back  in  the  slanting 
shear  with  help  of  a  diagram  of  characteristics .  The  calculated  M  number  for  the 
cascade  is  =  i .4.  The  method  of  constricting  the  flow  spectrum  is  the  following: 
i)  the  sonic  line  is  straight  in  the  narrow  cross  section  au;  2)  in  an  angular  point 
there  appears  an  expansion  wave  in  which  the  flow  is  expanded  from  M  =  1  to 
5)  the  back  on  the  initial  section  is  convex,  and  then  some  of  the  expansion  waves 
are  annihilated  by  turning  the  wall.  The  angle  between  the'  tangent  to  the  back  at 
the  point  of  deflection  and  the  tangent  to  the  bank  on  the  trailing  edge  is  1  to  2° 
less  than  the  angle  between  the  tangent  to  back  in  the  narrow  cross  section  of  the 
channel  and  the  tangent  to  the  back  at  the,  point  of  deflection.  This  attains  a 
positive  angle  of  edge  formation.  Figure  22b  shows  the  consecutive  change  of  dimen¬ 
sionless  velocity*  X^  in  the  transition  through  the  characteristics  in  the  diagram 
of  characteristics. 

However j  the  actual  pattern  of  the  flow  in  the  slanting  shear  differs^  from  that 
constructed  by  the  method  of  characteristics.  Overexpansion  on  the  back  does  not 
reach  the  magnitudes  which  were  obtained  by  calculation  with  the  method  of  charac¬ 
teristics;  Treatment  of  the  results  of  the  investigation  of  a  large  number  of  nozzle 
cascades  made  it  possible  to  determine  the  maximum  M,  number  on  the  back  in  the 
slanting:  shear,  depending  on  the  calculated  M-^number  (Fig.  23)'.  The  quantity 
Mi  max  may  'oe  determined  by  the  approximate  formula 


Mj  mi  =  0,9Mj(,  -1-  (0,25  -0.35), 


-(.27) 


which  is  suitable  for  the  interval  of  numbers  1.0  <  M.  <2. 

Ip 

After  reaching  a  velocity  corresponding  to  M,  ,  on  the  back  there  appears  sn 
oblique  shock. 


"Here  and  subsequently,  X  =  £  is  the  dimensionless  velocity  (velocity  of  flow 
ref erred  to  stalling  velocity). 
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Fig.  22.  Supersonic  nozzle  cascade,  type  TC-B  (con¬ 
vergent  channels ) :  a  —  construction  of  back;  of  pro¬ 
file  in-  slanting  shear;  b  —  determination  of  velocity, 
at  different  points  of  slanting  shear  according  to 
diagram  of  characteristics. 
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Fig.  '23.  Dependence  of  maximum  velocities  on  back 
in  slanting  shear  on  calculated  number 

according  to  MEI  experiments.  Experimental  points 
of  cascades  (see  Table  6): 

—  M  J;  ▼  ▼  ~  g  O-  »  *  x  x A  -  « ««:  •  •  -  *  <* 


For  an  approximate  calculation  of  the  back  of  the  profile  in  the  slanting 
hear  of  a  cascade  with  convergent  channels,  it  is  possible  to  recommend  the  following 


method.  By  assigning  the  size  of  the  narrow  section  of  the  channel  (ag),  the  effec- 

ao 

•tive  outlet  angle  of  flow  (a^  ^  =  arcsin  ^r)>  and  the  calculated  M.  ^  number  .at 
the  cascade  exit,  we  find: 

1.  The  maximum  number  for  the  given  M1  is  determined  by  formula  (27). 

2.  The  position  of  deflection  point  I  (Fig.  22a)  is  found  by  the  equation 

where  6(M;1  )  is  the  deflection  of  flow  during  expansion  from  H  =  1  to  q  ; 

6 (Mi  max)  is  the  deflection  of  flow  during  expansion  ffrom  M  «  1/  to  max. 

The  obtained  quantity  is  rounded  off: 

Y=4  -  -  4(M,«J  !-  0  -  2  )1- 

From-  the-  narrow  cross  section  to  the  deflection  point  we  shall  construct  a 
straight  broken  line  ^consisting  of  y  segments;  the  angle  between  these  segments 
equals  1°.  Through  the  salient ^points  we  shall  draw  a -continuous  convex  line  to 
deflection  point  I. 

3.  We  determine  the  length  pf  the.  concave  part  of  the  back: 

^***  =  I® (arcsin  -|- >*)] *  (29) 

whei'e  q(Mjp  )  is  the  given  flow  rate,  which  corresponds  to  the  calculated  M^p 
number, 

4.  We  shall  construct  a  concave,,  straight,  ^broken  line,  starting,  from  deflection 
point  I  and  going  to  point  II,  which  determines  the  length  of  the  concave  section 
sbot  *  The  number  of  segments  of  the  broken  line  is  equal  to  7  -  (1  to  2°),  and 
angle  between  segments  is  equal  to^ 1°.  Through  the  salient  points  we  shall  draw,  a 
continuous  concave  line  that  touches  the  convex  line  at  the  point  of  deflection. 

5.  At  the  end  of  the  concave  line  we  draw  a  tangent,  and  after  determining  the 
concave  pitch  t,  by  means  of  aM  and  a^,  we  construct  the  trailing  edge  of  the 
profile. 

It  should  be  emphasized  that  the  design  of  such  a  cascade  for  high  supersonic 
velocities  and  small  outlet  angles  of  flow  is  difficult.  When  >  1.4  and  <  13° 
it  is  necessary  to  use  combined  cascades  that  have  slight  channel  expansion  to  the 
exit  section  and  a  concave-shaped  back.  As  the  calculated-  number  increases, 

Mj  >  1 ,  the  minimum  section  and  the  concave  portion  of  the  back  are  displaced 
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into  the  depth  of  the  channels .  Thus,  with  the  growth  of  >  1,  the  role  of  the 
divergent  section  of  the  channel  increases,  and  that  of  the  concave  section  of  the 
back  in  the  slanting  shear  decreases . 

For  cascades  that  have  a  calculated  M1  p  number  less  than  2,  the  expansion 
ratio  of  the  vane  channel  may  be  selected  by  the  following  MEI  empirical  formula: 


where-  f  =  —  is  the  ratio  of  the  exit  section  of  the  cnannel  to  the  minimum  section. 
au 

A  limiting  case  for  nozzle  cascades  of  group  "B"  is  characterized  by  divergent, 
channels  and  almost  rectilinear  sections  of  the-  back  in  the  slanting  shear.  The 
back  of  the  profile,  which  forms  the  divergent  channel,  is  concave  (this  shape 
ensures  the  annihilation  of  expansion  waves  in  the  channel).  Calculation  of  the 
concave  wall  is  produced  by  the  method  of  characteristics;  ready-made  profiles  of 
two-dimensional  convergent-divergent  nozzles  can  also  be  used. 

Figure  24a  mid  b,  shows  an,  example  of  the  construction  of  a  divergent  vane 
channel  and  profile  back  in  a  slanting  shear  with  the  help  of  a  diagram  of  charac¬ 
teristics  (for  ^  =  1.7).  Behind  the  narrow  section,  the  flow  along  the  back, 

is  accelerated"  in  an  expansion  wave  obtained  by  deflection  of  the  back,  and  then  in 
a  wave  reflected  from  the  concave  surface  of  an  adjacent  profile.  The  position  of 
the  blade  edge  is  determined  by  the  quantity  f,  which  is  calculated  by  formula  (30). 
Further,  the  flow  is  accelerated  in  ah  expansion  wave  that  appears  at  the  trailing 
edge,,  -which  is  annihilated  by  an  appropriate-  deflection  of  the  back.  Figure  24b 
shows  the  consecutive  transition  of  vector'  through  the  corresponding  points  in 
the  diagram  of  characteristics.  However,  as  already  noted  above,  the  max  that,  is 
attained  on  the  back  Is  less  than  that  calculated  by  the  method  of  Characteristics. 
At  the  point  where  the  calculated  M.  -  .  number  is  reached,  which  is  calculated  by 
formula  (27),  there  appears  an  oblique  shock.  Behind  this  point,  the  back  should 
tie  concave,  which  decreases  the  probability  of  separation  of  flow  behind  the  shock. 

Construction  of  the  slanting  shear  and  divergent  part  of  a  nozzle  cascade  is 
carried  out  in  the  following  way: 

S-o 

:L.  According  to  the  given  values  of  and  ay,  and  sin  =  —p  (Fig.  24a) 

we  determine  the  expansion  ratio  of  the  vane  channel  by  formula  (30)  and  find  the 
size  of  the  exit  section  of  the  channel  ag  =  a  ‘f. 


*  »  e/ 


r  x  xw 


Fig.  2k .  Construction  of  divergent  channel  of  TC-BP 
nozzle  cascade:  a  —  calculation  of  exit  portion  of 
channel  Mid  back  of  profile  in  slanting:  shear;  b  — 
determination  of  velocities  at. different  points  of 
the  exit  portion  of  the  channel  and  in  the  slanting 
shear  according  to  the  diagram  of  characteristics. 


2.  From  the  tables  of.  gas-dynamic  functions  we  determine  in  ;the  exit 

A 

section  of  the  divergent  channel,  which,  corresponds  to  q(M1)  =  j-.  The  "concave" 
surface  of  the  profile,  within  the  limits  of  the  divergent  portion,  is  rectilinear, 
and  the  angle  between  the  tangents  to  the  back  in  the  exit  section  of  the  divergent 


channel  and  in  the  na  -row  section  is 


«(M>)/2, 


where  ^(Mj)  is  the  deflection  of  flow  during  expansion  from  M~>=  1  to  M^, 

{We  shall  designate  the  quantity  d(M^)/2,  which  is  rounded  off  to  an  integer,, 
by  7(j.  Then  the  le'ngth  of  the  divergent  portion  of  the  channel  is 

c  —  Cm 

<«Y.  ' 

We  shall  connect  points  0  and  I  (Fig.  2ka)  of  the  convex  broken  line  that  con¬ 
tains  7^  segments;  the  angle  between  adjacent  segments  of  the  broken  line  is  1°. 

Then  wo  connect  the  angular  points  by  a  continuous  line. 

5.  Wo  determine  the  maximum  max  number  by  formula  (27)  on  the  back  and  find 
the  position  of  the  deflection  point  of  the  back: 


=  S,  -l-ffg/i  [tg  (arcsin  +  -J-)] , 
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f1  f  (*<■«)• 

|  We  draw  a  tangent  to  the  back  of  the  profile  at  point  I  and  extend  it  to  deflec- 

|  tion  point  II. 

|  k.  We  determine  the  position  of  point  III,  of  the  end  of  the  concave  portion:  * 

£tg^*rcsln  +  *  (5?) 

We  connect  points  II  and  III  of  the  concave  broken  line  by  a  line  that  consists 
of  7^  segments,  where  7^  is  the  deflection  of  flow  during,  its  expansion  from  to 
p.  The  angle  between  adjacent  segments  of  the  broken  line  is  selected  as  1°. 

•  5.  At  point  III  we  draw  a  tangent  to  the  back,  and  after  determining  cascade 

i  - 

!  pitch  t  with  respect  to  a2  and  a^,  we  construct  the  trailing  edge  of  the  profile. 

It  should  be  emphasized  that  the  divergent  portion  of  the  channel  between 

sections  and  a2  may  be  profiled  by  expanding  riot  only  the  back,  but  also  the 

concave  surface.  This  method  decreases  the  danger  of  undercutting’ the  leading  edge 

in  the  direction  of  the  back.  Cascade  losses  are  then  held  to  a  minimum  (see  Chapter 

VIII).  The  section  of  the  "concave"  surface  O^.r  1^.  (pig.  2k&)  is- .rectilinear  or 

j  convex,  as  shown  for  section  0«I  of  the  back.  In  the  first  case,  at  point  0.  it  is 

I  '  '  1 

|  possible  to  round  off  to  an  arbitrary  radius.  In  the  construction  of  the  convex 

section  0^-1^, the  method  described  above  in  detail  Is  used  (for  section  o-I  of  the 

( 

•  back,) 

It  is  known  that  at,  supersonic  velocities  nozzle  cascades  with  divergent  chan¬ 
nels  are  sensitive,  to  a  change  of  conditions,  and  in  particular,  the  change  of  the 
number. 

The  intensity  of  variation  of  cascade  losses,  depending  on  M^,  Is  determined  by 
|  the -geometric  pax-ameters  of  the  cascade  and  .mainly  by  the  shape  of  the  vane  channel. 

Thus,  for  instance,  if  cascades  with  convergent  channels  are  usually  characterized  by 
smalx  losses  at  subsonic  velocities,  .and  at  >  1  these  losses  sharply  increase, 
then  for  cascades  with  divergent  channels  the  losses  will  be  small  only  in  a  narrow 
range  of  supersonic  velocities,  while  for  transonic  velocities  and  at  »  M^p 
they  attain  large  values. 

The  results  of  cascade  tests  with  different  expansion  ratios  of  the  vane 
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channels*  arc  shown  In  Fig.  25  (MEI  experiment j ) .  In  these  experiments,  all  cascades 
with  an  expansion  ratio,  f  >  l.O  had  a  height  of  T  =  0.135,  and  cascades  with  f  =  1.0 
were  I  =  0.28  high.  The  lowering  of  losses  in  uncalculated  conditions  at  M.  <  M. 
with  a  decrease  of  parameter  f  should  be  considered  as  the  most  effective  in  the 
graphs  under  consideration. 


Fig.  25.  Influence  of  number  and:  degree  of  ex¬ 
pansion  f  on  characteristics  of  nozzle  grids  with 
divergent  channels  and  straight  back,  in  slanting 
shear  on:  a;~  total  losses  £;>  b  —  outlet  angles  a.. 
MEI  experiments":  '  *  ’  "  A 


▼-  r-  0.4(4 1. 
V- 7- 0,4*7  J 


X  -  F-  0,044  \  t  m 
D“  tm  0,4*4  f 


1.34: 


The  intense  growth  of  losses  in  such  cascades  with  ,a  decrease  of  is  explained 
by  the  displacement  of  shocks  in  the  channel  to  the  throat 'area  and  the  corresponding 
expansion  of  the-  separation  zone  in  the  channel.  With  the  decrease  of  f,  the  relative 
displacement  of  shocks  to  the  throat  area  will  be  less  intense.  The  lowering  of 
losses  at  <  0.8  to  0.9  is  explained  by  the  fact  that  the  wove  losses  in  the  cascade 
are  decreased  and  the  shocks  near  the  throat  area  do  not  cause  separation. 


*Thc  data  presented  in  Fig.  25  pertain  to  obsolete  supersonic  cascades  that  were 
designed  without  taking  into  account  the  interference  of  expansion  waves  in  the 
channel  and  with  a  rectilinear  back  in  the  slanting  shear. 
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The  curve  of  total  losses  in  a  cascade  with  convergent  channels  (f  =  i)  confirms 
the  intensive  increase  of  losses  when  >  1.,  The  outlet  angles  of  flow  (see  Fig.  25b) 
also  change  essentially,  depending  upon  Mi  and  f. 

A  detailed  analysis  of  the  curves  £  and  for  cascades  at  >  1,  which  were 
designed  by  the  above-indicated  methods,  is  given  below.  These  cascades  have  moderate 
losses  in  a  vide  range  of  variation  of-  Mj_. 

Let  us  consider  some  of  the  peculiarities  of  the  flow  of  a  gas  in  reaction 
cascades  at  supersonic  velocities.  For  a  solution  to  this  problem,  we  shall  write 
continuity  and  energy  equations  in  two  control  sections:;  narrow  (*  —  *),  and  to 
infinity  (  1  —  1),  behind  the  cascade  (Fig,  26a).  We  shall  then  consider  that  the 
parameters  of  flow  in  these  sections  are  uniformly  distributed,  Then 

sin  O,*  =  Qft  sin  at;  & ) 


«* 

2 


Px  , 

«i  +  *  2  * 


m 


Here  k  is  the  index  of  the  isentroplc  .process  j) 

P1  and  p1  are  the  pressure  and  density  behind  the  cascade; 
p*.  and  ,p*  are  the  critical  pressure  and  density; 

a,«  «=  arcsfa-y-; 


a*  is  the'  critical  velocity; 

«»“«»•  +  *; 

6  is  the  deflection  of  the  flow. 

After  substituting  .(35)  and  (34),  and  making  the  appropriate  conversions,  we 
obtain 


arrsin 


i>.  1  *  +>  h 

k  Or\ 

Ut  U  2  V 

*  +  !  '/ 

a. 


(55) 


If  during  the  flow  of  the  gas  between  control  section  the  losses-  are  equal  to 
zero,  we  will  obtain  an  ordinary  Beer  formula: 

6'  =  ercsin  sin  a,*^  —  a„.  (3 6 ) 

Taking  the  losses  into  account,  formula  (36)  can  be  written  in  the  following 

form: 

(37) 
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where 

KVO =-£--£-<  i; 

£  is  the  loss  factor; 

and  are  the  .given  flow  rates  for  actual  and  isentropic  processes; 

X.  and.X, .  are  the  actual  and  theoretical  dimensionless'  velocities  in  the 
1  section  1  —  1. 


Fig.  26.  Derivation  of  a  formula  for  calculating 
the  outlet  angle  of  :f low:  a  —  flow  diagram  with: 
designations;  b  —  .wave  losses  and  outlet  angles 
in  cascade,  depending  upon  for  f  =  1.28. 


Hence  it  is-  clear  that  for  the  given  value  of  X^  (M^t  )  the  displacement  of 
■flow  is  simply  connected  with  energy  losses  during,  expansion  of  flow,  i.e.,  the 
character  of  the  change  of  energy  losses  in  varying  conditions  for  >  1  depends 
on  the  quantity 

From- Fig.  25b  it  is  clear  that  in  cascades  with'  divergent  channels  of  the  usual 
type  at  p  >  the  outlet  angle  of  flow  is,  *  a^i  while  with  formula  (37) 

it  should  decrease.  This  constancy  of  angles  is  brought  about  by  the  presence  of  a 
slanting  shear. 
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We  shall  write  continuity,  energy,  and- momentum  equations  for  three  control 
sections  (“  —  *),  (1*  —  1'),  and  (i  —  1)  (see  Fig.  26a): 

fea^ttea,*  =  ciri  shi  o',  =  CjC,  sin  at;  ( 

•f  *  ^  Z  *  T  #.  +  “*  T*  - 

tin  Oj*  +  p*/  tin  ».,*+.  /(steal— tin  a^)  =* 

=  5^1,/tJnai+^tinai  =  c1c?/sln01cc«(a1  — aD  +  ^/ttea^  | 

*2  '  . 

Here  =  arc  sin  t—  • 

-  -  .-1  1 

The  solution  of  this  system  of  equations  makes  it  possible  to  determine  the 
outlet  angle  of  flow  for  a  cascade  with  divergent  channels : 

»  -  tgfa  — aj)=* 

-e=!^ 

‘  *  K-pf' 

x-p/ .  ( 


©• 


and  also  wave  losses,: 


Ci«  1  — 


(*-£*) 


where 


—  B,  p  i 

r“^s  e‘=^’  e*"  *  * 

When  f  =  1,6,  these  formulas  will  be  converted  into  the  well-known  formulas  of 
G.  Yu.  Stepanov. 

Figure  26b  gives  a  comparison  of  the  calculation  with  an  experiment  for  outlet 
angles  of  flow  and  a  calculated  curve  of -wave  losses.  As  can  be  seen,  the  coincidence 
of  calculations  made  with  formula  (57)  with  the  experiment  at  5  M.  p  is 
satisfactory.  It  should  be  noted  also  that  at  M1  <  p  the  wave  losses  will  be 
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very  great.  Thus,  a  theoretical  analysis  shows  that  the  outlet  angle  of  flow  from 
a  cascade  with  divergent  channels  in  transonic  conditions  is  larger  than  the  result 
obtained  with  formula  (36 ) .  This  resul+  is  connected  with. the  sharp  growth  of  losses 
in  these  cascades  at  p.  Cascades  with  f  »  1,  in  principle,  cannot  effec¬ 

tively  operate  at  transonic  velocities  (see  Pig.  25). 

On  the  other  hand,  in  cascades  with  convergent  channels  in  supersonic  conditions 
there  is  observed  considerable  overexpansion  of  flow  on  the  back  of  the  profile,  and 
an  edge  shock,*  as  a  rule,  leads  to  separation  of  the  boundary  layer;  Therefore,  in 
cascades  with  convergent  channels,  which  operate  at  transonic  and  low  supersonic 
velocities,  the  back  of  the  profile  must  be  made  rectilinear,  and  at  /K .  >  1-3  the 
back  should  be  concave;  The  greater  the  concavity  of  the  back  of  the  profile,  the 
higher  the  economy  possessed  by  a  cascade  with  convergent  channels  at  high  numbers. 
However,,  as  already  indicated,  such  a  method  of  designing  a  cascade  is  possible  only 
to  numbers  less  than  i.4,  since,  as  the  concavity  of  the  back  is  increased  in  the 
slanting  shear,  the  solidity  of  the  profile  decrease,  and  there  can  occur  undercutting 
of  the  edge. 

Furthermore,  experiments  indicate  that  at  M±  >  1.4  to  1.5  the  losses  in  cascades 
with  convergent  channels  and  conc;ave  back  intensely  increase  in  the  slanting  shear. 

Therefore;  for  Cascades  designed  for"  M.  >  1.4,  it  is  expedient  to  select  a 
smaller  expansion  ratio  of  the,  vane  channel  than  follows  from  the  dependence  f  = 

=  l/q(M^  p  ),  and  the  back  of  the  profile  in  the  slanting  shear  should  be  made 
concave;  This  method  of  designing,  cascades,  makes  it  possible  to  lower  the  losses 
at  transonic  velocities,  since  their  magnitude  is  determined,  mainly,  be  parameter  f . 
For  a  cascade,  it  is  possible  to  determine  two  calculated  values  of  number:  orie 
(^1  p  ^  determined  by  taking  according  to  the  degree  of  channel  expansion,  and-  the 
other  is  determined  b,y  taking  into  account  the  concavity  of  the  back  in  a  slanting 

shear.  The  effectiveness  of  this  cascade  is  sufficiently  high  in  a  wide  range  of  M. 
numbers  greater  than  1.0  1 

In  accordance  with  what  lhas  been  presented,  the  turbomachinery  laboratory  of 
the  MEI  developed  three  groups  of  profiles  of  nozzie  cascades  which,  are  designated 

for  operation  at  -supersonic  velocities: 

a)  for  numbers  1.3  s  M1  s  1.4  (TC-B  cascade,); 

♦Diagrams  of  flow  spectra  in  cascades  at  high  velocities  and  flow  structure  in 
a  slanting  shear  oehlnd  a  cascade  are  described  in  [14],  A  diagram  of  shocks  in  the 
slanting  shear  of  a  cascade  is  shown  in  Fig.  28a,  A  photograph  of  the  flow  spectrum 
in  a  reaction  cascade  is  presented  in  Fig.  401. 
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b)  for  numbers  l.1)  s  s  3. 5  (TC-BP  cascades); 

c)  for  numbers  1A  s  £  5.0  (TC-P  cascades). 

Cascades  of  the  first  type  (TC-B)  have  convergent  channels  and  concave  backs 
in  the  slanting  shear  (see  Pig.  2  and:  Fig.  27).  TC-BP  cascades  are  characterized  by 
small  expansion  of  the  vane  channel  and  concavity  of  the  back  in  the  slanting  shear; 
acceleration  of  the  flow  in  this  cascade  to  the  given  number,  in  the  divergent 
part  of  the  channel  and  in  the  slanting  shear,  will  be  approximately  identical. 

TC—P  cascades;  have  considerable  expansion  of  the  vane  channel  (f  >  i),  in  which 
there  also  takes  place  a  fundamental  acceleration  of  flow,  to  a,  number  that  is 
close  to  the  calculated  number  p  (M^  <  p  ,);  expansion  dn  the  slanting  shear 
is  small. 


Fig.  27,  Shapes  of  profiles  and  channels 
of  supersonic  reaction  cascades  tested  at 
MEI.  The  following  designations  are  used: 

S  p  -  length  of  divergent  section  of 

channel;  ^jep  -  length  of  transition  sec¬ 
tion  on  back;  SBQB  —  length  of  concave 
section;  -  length  of  rectangular  section,. 


Let  us  consider  cextain  results  of  an  experimental  investigation  of  three  groups 
ol'  supersonic  nozzle  cascades  under  different  conditions,  carried  out  at  MEI  [JO], 


i  ) 
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The  shapes  of  the  tprofiles  and  channels  of  the  test  cascades  are  shown  in  Fig.  27 
and  Fig.  28a. 

Table- 6  gives  the  basic  geometric  characteristics  of  TC-3  and  TC-BP  cascades.* 
Here,  p  is  determined  according  to  parameter  f,  and  3  is  determined'  by 
taking  into  account  the  curvature  of  the  back  in  the  slanting  shear. 


Table  6.  Geometric  Characteristics  of  Supersonic 
.Nozzle  Cascades,  Type  TC-IIP  and  TC-BP 
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0.550 

,29*45'  = 

8*56'  1.10 

1.48 

15 

5 

TC-1BP-3  f 

0,745  5 

29*36' 

9*30'  1.00 

1.0 

15 

TC-1BP-3 

0.655  : 

29°  36'“ 

10*00'  1.06 

1.28 

15 

7 

TC-IBP-3 

-  .0.615 

29*36' 

0*  15'  1.10 

1,37 

!,7 

8 

TCI  BP-3 

0.550 

29*36' 

8*05'  1.28 

1.63 

1.75 

9 

TC2HP-4 

0.675 

40*16' 

12*30'  1.00 

1.0 

1.0 

10 

TC-2T1P-4 

0.611 

40"  16' . 

12*00'  1.10 

1,37 

1.37 

11 

TG2BP-S 

0,675 

40’ 16' 

12*30'  1.00 

T.O 

1.6 

12 

TC-2BP-5 

0.611 

40*16' 

12*20';  1.09 

1.35  - 

1.45 

13 

TC-2BP-6 

0.615 

=  31*  30-'= 

-10*50'  1.10 

1.37  : 

=  1.7 

14 

TC-28P-7 

0.620 

35*00' 

13*30'  1.06 

1.28 

1.6 

15 

TC-3BP-8 

0,715 

40*00' 

16*20'  1.00 

1.00 

1.4 

16 

TC-3BP-8 

0,660 

40*00' 

16*35'  1.055 

1,25 

1.55 

17 

TC-3BP-8 

0.583 

40*00' 1 

14*10'  1.13 

1.43 

1,6  « 

18 

TC-3BP-8 

0.520 

40*00' 

13*40'  1.24 

1,59 

1.7 

19 

TC-4BP-9 

0.750 

48*  00'  ‘ 

21*50'  1.00:, 

1.00 

1.3 

20 

TC-4BP-9  s 

0.698 

48*00' 

21*  10'  1.02: 

1.15 

1.5 

;  21 

TC-4BP-9 

6.621 

48*00' 

20*00'  1.07 

1.31 

1.6 

22 

TC-4BP-9 

0.565 

■  48*  00' 

19*10'  1.20 

1.53 

1,65 

Figure  28  gives  the  results  of  an  investigation  of  the  influence  of  the  shape 
of  the  back  of  a  profile  on  the  characteristics  of  cascades.  The  profiles  .of  these 
cascades  differ  only  the  curvature  of  the  contours  of  the  back  on  the  exit  section 
(see  Fig.  28a).  The  pressure  distributipn  along  the  profile  in  the  cascades  shows 
that  with  the  growth  of  M^,  in  cascade  No.  9  with  straight  back;  overexpansion  of 
flow  increases,  and  in  cascade  No.  11  with  concave  back  in  slanting  shear,  it  de¬ 
creases.  The  result  of  this  is  a  change  of  the  profile  losses  in  these,  cascades. 
Actually,  if  for  cascade  No.  9  at  >  1.2  the  profile  losses  sharply  increase,  then 

for  cascade  No.  11  there  is  observed  a  maximum  of  losses  in  the  range  of  numbers  5 
s  1.2,  and  at  >  1.2  the  losses  decrease,  and  their  minimum  is  reached  when 

%  *  '‘-6- 

Also  of  great  interest  is  the  dependence  of  profile  losses  on  number  for 
cascades  No.  10  and  12  with  divergent  channels.  As  can  be  seen,  the  losses  for  these 

^Cascades  No.  9  and  No.  10,  TG-2I1P-4,  were  manufactured  with  rectilinear  back 
tn  slanting,  shear. 


cascades  are  identical  in  the  entire  investigated  range  of  numbers.  Consequently, 
when  «  i.O,  the  cascade  losses  practically  do  not  depend  on  the  shape  of  the 

channel;  and  are  determined  by  parameter  f . 
Here  also;  the'  influence  of  concavity  of  the 
back  at  H,  >  1.0  is  not  detected.  This 
specified  by  the  fact  that  the  reverse 
curvature  in  cascade  Ho.  12  is  concentrated 
mainly  in  the  divergent  part  of  the  channel, 
and  the  back  is  straight  in  the  slanting 
shear. 

Figure  29  gives  the- curves  of  profile 
losses  in  cascades  designed  for  small  outlet 
angles  of  flow  (cascades  No.  i  through  8). 

For  TC-1BP-1  profiles,  which  have  concave 
backs  (cascade  No.  1),  and  TC-lBPr-2.  (cascades 
Nd.  5  through  8),  the  concavity  of  the  back 
attains  large  magnitudes  (1$),  and  in  pro¬ 
file  TC-1BP-2  (cascades  No.  2  through  4 ) 

0-0-0-  cascade  No.  9  ( f  -  1 . 0) ;  the  concavity  is  not  great.  From  the  con- 

•  cascade  No.  11  (f  =  1.0); 

r-r-r-  cascade  No.  10  (f  sidered  curves  it  is  clear  that  for  all  cas- 

a-a-a ^cascade  NoJ  12  (f  =  i.09). 

cades  with  divergent  channels  the  profile 

losses,  at  transonic  velocities  attain  large  magnitudes,  and’  then  decrease  intensely. 
It  should  be  noted  that  the  level"  of  losses  at  transonic  velocities  is  determined 
mainly  by  parameter  f  .  However,  for- cascade -No.  1  (f,'  =  1.3*5),  at  Mj  >  1.0  there 
are  considerably  smaller  losses  than  in  cascade  No.  3  (when  f  =  1.042).  The  reason 
for  this  consists  in  that  the  length  of  the  divergent  part-  of  the  vane  channel  in 
cascade  No.  1  is  significantly  less  than  in  -the  othcp-  cascades:.-  Of  much  interest  is 
a  comparison  of  the  curves  of  the  losses  in  cascades  No.  2  and  No.  5  when  f  =  1.0, 
Thus,  if  in  cascade  No.  2  (Fig.  29a),  in  the  range  of  numbers  from  6.8  to  1.5, 
the  losses  are  practically  constant  (£np  =  6#).,  and  at  >  1.5  they  increase,  then 
in  cascade  No.  5  the  losses  first  increase  and  reach  their  maximum- when  =  1.2,  and 
then  decrease.  A  minimum  of  losses  (£np  =  6#)-  will  be  attained' when  =  1.5.  This 
character  of  change  of  losses  for  cascade  No.  5  is  condi'  oned  in  the  same  way  as 


Fig.  28.  Influence  of  shape  of  back 
of  profile,  on-'characteristi'cs  of 
TC-2nP-4  and  TC-2BP-5  cascades  (see 
Table  6 ) :  a  —  shape  of  back  of  pro¬ 
files  in  slanting  shear;  b  —  depen¬ 
dence  of  losses  CRp  and  outlet  angle 

a?  on:  M.  number  and'  parameter  f : 


for  cascade  No.  11,  with  respect  to  large  concavity  of  the  back  of, the  profile  in 
the  slanting  shear.  It  should  be  noted  that  the  maximum  of  losses  for  cascade  Ho.  5 


is  somewhat  displaced  towards  higher  numbers  as  compared  to  divergent-type  cascades. 


-Fig.  29.  Characteristics  of  supersonic  nozzle 
cascades  at  small  outlet  angles,  of  flow:  {&'  — 
-0-0  -  cascade  No.  1;  a’-a-  A  ^  cascade  No.  2; 

-cascade  No;  3j  b  —  0-6  -  cascade 

No.  5j  •”*-  cascade  No..  6;  -4-  cascade 
No.  7;  ▼-  cascade  No.  8.- 


Analysis  of  the  curves  shows  that  a  minimum  of  cascade  profile  losses  will  be 
attained  at  p,  which  is  determined  talcing  into  account  the  concavity  of  the 
back  of  the  profile  in  the  slanting  shear,  and  at  ^  the  losses  -become  somewhat 
greater.  It  should.be  noted  that,  in  the  whole  range  of  conditions  the  effectiveness 
of  the  developed  cascades,  is  significantly  higher  than  those  presently  being  used  in 
turbine  construction  [30]. 

Figure  30a  and  b,  gives  the  characteristics  of  cascades  with  large  outlet  angles 
of  flow.  The  above-noted  peculiarity  of  variation  of  profile  losses  also  holds  true 
for  these  cascades.  It  should  be  noted  that  the  length  of  the  divergent  section  of 
the  vane  channel  for  these  cascades  is  considerably  less  than  for  the  cascades  whose 
charactaristies  are  shown  in  Fig.  29.  As  a  result,  the  level  of  losses  for  identical 


f  under  transonic  conditions  is  lower.  Of  much  interest  is  a  comparison  of  loss 
curves  for  cascades  with  f  =  1.0  and  f  =  1.055*  which  are  depicted  in  Fig.  50a. 


Fig.  3 6.  Characteristics  of  supersonic  nozzle 
cascades  at  large  outlet  angles  of  flow:  a  — 
cascade  No.  15  (f  =  1.0);  cascade  No.>  16  (f  = 

=  1.055);,-  cascade  No.  if  (f  =  1.13);  cascade 
No.  18  (f'  =  1. 2>i ) ;  b  -  cascade  No'.  19.  (f  =  1.0); 
cascade  No.  20  (f  =  1.02);  cascade  No';  21 
(f  =  1.07);  cascade  No.  22  {-f  =  1.20);.  ex¬ 
change  of  profile,  tip  and  total  losses  in  .cas-- 
cade  with  f  =  1.01  depending  upon  number. 


As  can  be  seen,  the  losses  in  cascade  No.  15  in  the  entire  range  of  numbers 
are  larger  than  in  cascade  No.  16.  In  cascade  No.  i5  the  losses  are  practically 
constant  and  compose  7  to  8$.  Of  interest  is  a  comparison  of  the  loss  curves  for 
cascades  No.  21  and  No.  22  (Fig.  30b).  A  minimum  of  losses  in  these  cascades,  in 
spite  of  the  considerable  difference  in  parameters  f,  is  attained  at  identical  values 
of  the  M.  number  from  1.6  to  1.7. 


o 


(  ) 


Tip  losses  in  cascades  of  type  TC-B  and  TC-EP  have  hot  yet  been  studied  suf¬ 
ficiently.  Available  experimental  data  show  that  with  the  increase  of  number  s 
5  .1.2  to  1.5,  tip  losses  decrease,  and  then  at  >  1.5  there  is  observed  an  intense 
growth  of  them. 

The  character  of  change  of  total,  losses  in  cascade  TC-EP  may  be  seen  in  Fig.  30c. 
Minimum  values  of  £  and  CK  correspond  to  a  lower  number  than  CnD*  Consequently, 
in  short  supersonic  cascades  the  expansion  ratio  of  the  channel  and  the  shape  of  the 
concave  back,  which  correspond  to  rated  conditions,  should  be  selected  with  regard 
to  the  minimum  of  total  losses,  and  not  profile  losses. 

Figures  28-30  also  give  the  curves  of  change  of  the  outlet  angles  of  flow  from 
cascades.  For  cascade  No.  9,  at  f  «  1.0  (see  Fig.  28b),  the  outlet  angle  of  flow 

will  start  to  increase  when  >  1.0, 
whereupon,  if  =  12°  when  =  1.0,  when 


<M. 


?1 


1.7  the  outlet  angle  of  flow  reaches 


r  a  tt  »  IS  11  '  It  tlmU 

Fig.  31.  Dependence  .of  minimum  profile 
losses  Cnp  in  divergent  cascades .under 

rated  conditions  on  angle  o^*  =  arc 


sin 


*M 


18°.  Such  a  change  of  the  outlet  angle  of 
flow  can  considerably  worsen  the  work  of 
a  stage  in  varying  conditions.  For  cascades 

with  divergent  channels,  the  outlet  angles 

i  . .  ~  ~ 

of  flow  at  M1  <  M1  p  are  practically  constant 

* 

and  start  to  increase  only  at  >  Mi p  •  As 
a. result  of  this,  the  change  of  the  outlet 


angles  of  flow  in  the  range  of  ^  =  1.0  to  1.7  is  considerably  smaller. 

Figure*  31  shows  the  change  of  minimum  profile  losses  in  cascades  at  the  computed 

' '  '  u 

value  of  p  depending  upon  angle  a1#  =  arc  sin  — £•.  All  experimental  points  are 
•sufficiently  well  grouped  on  one  curve.  The  losses  at  calculated  ^  number  at 
-f  l#  =  8°  are  7$;  as  increases,  the  losses  decrease,  and  at  a1#  *  14  to  16°  they 
are  4  to  '5$. 

Analyzing  the  behavior  of  the  characteristics  of  supersonic  reaction  cascades 
under  varying  conditions,  it  is  necessary  to  establish  the  postion  of  the  system  of 
shocks  in  the  channel  and  in  the  slanting  shear,  depending  upon  the  number, 

Graphs  of  pressure  distribution  (Fig.  32a),  make  it  possible  to  approximately  estimate 
the  place  of  location  of  the  shocks  under  different  conditions.  The  results  of  this 
treatment  of  graphs  of  pressure  distribution  are  given  in  Fig.  32b  and  c.  Shown 
there  is  the  current  position  of  a  shock,  xCK,  depending  upon  the  pressure  ratio  in 
the  cascade,  =  p^/p Q,  on  parameter  f,  and  on  angle  a^#.  The  value  of  xCK  =  0 

-73- 


i  i 
'  5 
!•!"- 


A 


corresponds  to  limiting  conditions,  when  the  shock  disappears  in  the  minimum  throat 
area  of  the  channel.  The  corresponding  limiting  pressure  ratio  is  determined  by  the 
approximate  formula 

*n»  =  t»+(I  —  *•)  1  —  — j r»  (^3) 

where  is  the  critical  pressure  ratio;. 

P  oi.  * 

=  — — Is  the  stagnation  pressure  ratio  In  the  cascade* 
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Fig.  32.  Characteristics  of  supersonic  reaction' 
cascade  TG-1BP  under  different  conditions;  f  =  1.2; 
7  =0.595;.  a.y  =  $0°  and  =  .8°:  a  —  pressure 

distribution  along  profile  depending  upon  num¬ 
ber;  b  —  relative  position  of  .shock  in  divergent  _ 

"p 

vane  channels  depending  upon  expansion  ratio  f  =  — ; 

P--  aM 

c  —  the  same,  depending  upon  angle 


From  Fig.  32b  it  distinctly  follows  that  with  the  decrease  of  f  the  shocks 
leave  'the  channel  more  quickly  and  pass  into  the  slanting  shear,  i.e.,  at  the  same 
pressure  ratio  the  shocks  in  the  vane  channel  are  closer  to  the  exit  section  the 

smaller  f  is.  In  a  limiting  case  of  f  =  1.0  (convergent  channels)  the  line  x„„(e 
is  parallel  to  the  vertical  axis. 

This  result,  from  the  physical  point  of  view,  explains  the  experimentally  found 
varying  dependence  of  losses  and.  outlet  angle  of  flow  on  the  pressure  ratio  in  off- 


design  conditions.  The  smaller  the  geometric  parameter  f,  the  smaller  the  portion 


of  the  back  and  concave  surface  of  the  profile  under  the  influence  of  the  shock 
system  in  off-design  conditions-.  Consequently,  the  region  of  intense  swelling  of 
the  boundary  layer,  and  also  in  certain  cases  its  separation  under  the  influence 
of  shocks,  move  through  the  flow,  which  leads  to  a  sharp  lowering  of  cascade  losses. 
Since,  in  cascades  with  small  f,  as  decreases,,  the  shocks  leave  the  slanting 
shear  more  quickly,  then  the  latter  goes  into  operation  more  quickly  and  deflects 
the  flow.  Consequently,  in  cascades  with  small  f,.  the  outlet  angle  varies  more 
intensely  as  the  conditions  vary. 

The  expansion  angle  of  the  divergent  part  of  the  vane,  channel  also  affects  the 
relative  position- of  the  shock;  as  this  angle  Increases,  the  shocks  leave  the  channel 
more  quickly. 

A  noticeable  influence  on  the  dependence  3c0„(e. ;  f)  is  rendered  by  the  charac- 
teris.tic  cascade  angle  (Fig.  32c;)-.  As  increases,  xCK  increases,  and  iosses 
in  off -design  conditions  are  lowered,  since  a  smaller  part  of  the  back  of  the,  profile 
is  under  the  influence  of  the  shocks,  which  cause  swelling  of  the  layer  and' its 
separation; 

An  analysis  of  the  structure  of  the  boundary  layer  on  the  back  of  a  profile 
with  different  contour  shapes  in  the  slanting  shear  at  f  =  1  and  f  >  1  confirms  this 
conclusion.  Figure  3Ja  shows  the 'distribution  of  "5**  along  the  back,  and  Fig.  33b 
indicates  the  change  of  &cn  at  the  trailing  edge,  depending  upon  the  conditions. 
Experiments  showed  that  the  minimum  thickness.  B  corresponds  to  a  concave  back  in 
the  slanting  shear.  It  is  characteristic  that  in  the  zone  of  narrow  cross  section 
and  behind  it  the  thickness  of  the  impulse  loss  is  minimum  and  practically  identical 
for  three  profiles  at  x„_  s  0.5.  In  cascades  with  convex  and  rectilinear  backs,  on 
a  considerable  section  before  the  shock  strikes  the  back,  the  bpunda.ry  layer  is 
laminar. 

During  artificial  turbulization  of  -the  layer  at  the  entrance  to  the  cascade, 
in  the  zone  of  minimum  cross  section  there  also  is  detected  a  laminar  layer,  which 
proves  the  appearance  of  an  Inverse  transition  of  the  turbulent  layer  into  a  laminar 
layer  also  Jn  this  case.  Under  the  Influence  of  a  shock,  the  laminar  layer  becomes 
turbulent,  and  is  separated  in  most  casco.;  here,  there  is  a  sharp  increase  in  the 
thickness  of  the  .layer  b* *  (see  Fig.  33a).  The  occurring  turbulization  of  the 
layer  and  Its  separation  are  observed  at  x  =  0.69  to  O.fH,.  i.e.,  at  the  point  of 
incidence  of  the  shock. 
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In  cascades  with  concave  backs,  at 
the  deflection  point  of  the  back  the 
laminar  layer  changes  into  a  turbulent 
layer,  whereupon  the  shock  is  already 
interacting  with  the  turbulent  section  of 
the  layer.  In  this  case,  separation  of 
the  layer  in  the  shock  zone,  as  a  rule, 
does  not  occur.  , 

Curve  3  on  Fig.  33a  shows  that  in  a 
cascade  with  a  concave  back  the  transition 
of  the  laminar  layer  into  a  turbulent 
one  is  carried  out  in  the  section  xcn  A 
=  6.5  to  0.55; 

The  investigations  conducted  at 
MEI  on  reaction  cascades  at  supersonic  - 
velocities  confirm  the  above-stated  recom¬ 
mendation  for  designing  cascades. 

In  those  cases  when,  because  of  the 
design  and  technological  Conditions,  the 
calculated  curvature  cannot  be  carried 
out,  deviations  from  the  calculated  profile  are  permissible,  which,  as  shown  by  the 
•MEI  experiments,  do  not  cause  a  noticeable  change  in  the  .characteristics  of  the 
cascades . 

Thus,  the  investigations  confirmed  the  high  effectiveness  of  cascades  of' type 
TC-BP  in  a  wide  range  of  conditions.  In  rated/conditions  the  profile  losses  in  these 
cascades  only  insignificantly  exceed  the  profile  losses  in  cascades  that  are  designed 
for  subsonic  velocities.. 

Cascades  of  type  TC-P,  TC-BP>  and  TCrB,  with  divergent  channels,  can  be  used  at 
different  angles  of  incidence  and  relative  pitch.  It  is  obvious  that  as  hy  and  t 
change,  there  should  also  be  a  change  in  angle  a1#,  which  is  determined  by  the  formula 

=  arcsln-y-, 


Fig-  53 i  Structure  of  boundary  layer 
on  back  of  profile  of  reaction  cascade 
at  supersonic  velocities :  a)  distri¬ 
bution  of  thicknesses  of  Impulse  losses; 

at  M.  =  1.6,  along  the  back;  b)  change 
* 

of  thickness  6  ,  depending  upon 

number,  along  section  x^n  =  0.9.  Shape 

of  back  at  slanting  shear:  1  —  convex; 

2  —  straight;  3  —  concave. 


where  aM  is  the  minimum  cross  section  of  the  channel,  and  also  the  expansion  ratio 
of  the  channel  f .  In  accordance  with  formula  (4l),  as  a^*  and  t  vary,  the  outlet 


angle  a-  also  varies,  and  according  to  formula  (42),  the  coefficient  of  wave  losses 
also  Varies. 

In  Fig.  34,  a3  an  example  there  is  shown  the  dependence  of  a^(ay,  t)  and 

_  c  , 

f(«y,  T)  for  cascade  TC-1BP  .  The  use  of  the  graph  does  hot  cause  any  difficulties. 
According  to  the  thermal  calculation,  we  know  angle  a^.  We  also  know  the  computed 
value  of  the  number  at  the  cascade  exit.  After  selecting  the  magnitude  of 

the  expansion.  ratio  by  means  of  formula  (30),  with  the  help  of  equation  (33)  we  find 
the  value  of  knowing  a^»  and  f,  on  the  graphs  of  Fig.  34  we  determine  the 
necessary  ay  and  T  for  one  value. 


Fig.  34.  Dependence  of  outlet  angle  of 
flow  =  arc  sin  a^/t  and  ratio  of 

areas  f  =  a^/ajj  on  relative  .pitch  7 

and  angle  of  incidence  of  profile  ay. 


The  influence  of  the  thickness  of  the  trailing  edge  at  supersonic  velocities 
may  be  estimated  by  means  of  experimental  data.  Figure  35  gives  the- results  of  MEI 
experiments . 

As  M.j  Increases,  the  profile  losses  in  cascades  with  thick  edges  ( AKp  =  2.3  to 
4.0  mm)  do  not  vary  monotonically  (Fig.  35).  The  first  maximum  of  the  curve  CnpO\) 
Is-  explained  by  the-  displacement  of  the  points  of  separation  against  the  flow  (lami¬ 
nar  separation).  The  second  maximum  is  connected  with  the  formation  of  a  supersonic 
region  on  the  portion  between  sections  AB  (narrow  section)  and  SD  and  the  shocks  that 
close  off  tliis  region;  the  shocks  displace  the  point  of  separation  S  against  the  flow. 
The  transl tton  to  supersonic  velocities  is  accompanied  by  an  improvement  of  the  flow 
around  the  edge.  Section  SD  is  then  displaced  along  the  flow,  as  a  result  of  which 


the  channel  cross  section  is  increased  (SC  >  SB)  and  the  flow  before  the  slanting 
shear  becomes  supersonic. 


Fig.  35.  Change  of  profile  losses  in,  reaction  cas¬ 
cade  depending. upon  number  for  various  thicknesses. 

of  trailing  edges.  MEI  experiments. 

In  this  case  the  position  of  the  separation  point  determines  the -quantity 

f  =-^1—,  whereby  f  increases  as  M,..  increases. 

aB  1  ' 

Thus,  a  thick  rounded  edge  will  ^orm  a  self -regulating  divergent  channel  with 
a  variable  expansion  ratio  f . 

For  this  reason,  as  the  number  increases,  the  losses  in  these  cascades 
noticeably  are  lowered  and  at  >  1  they  become  less  than  in  a  cascade,  with  a  thin, 
edge  (AKp  =  0.5  mm). 

The- influence  of  the  form  of  the  edge  at  >  1  may.  be  estimated<>by  means  of  the 
graphs  in  Fig.  35.  The  best  results  are  .given  by  the  wedge-shaped  sharp  edge  5^.  and 
the  biggest  losses  correspond  to  the  normally  cut  edge  1  of  maximum  thickness.  The 
rounded  edge  3,  whose  thickness  Is  twice  -as  less,  than  that,  of  1  and  2,  gives  satis,- 
factory  results. 

§  8.  ACTION  CASCADES  FOR  TRANSONIC  AND  SUPERSONIC’ VELOCITIES 

As  it  is  known  [22],  at  transonic  and  supersonic  velocities  at  entrances  to 
action  cascades  there-  appear  bow  shocks  that  are  connected  with  the  flow  around  the 
entrance  edges  (Fig.  36),  The  shape  of -the  bow. .shocks  and  their  location  with  respect 
to  the  edges  depend  on  the  number  at  the  entrance  and  on  the  shape  of  the  edges 
and  the  vane  channels. 

During  a  supersonic  flow  in  cascade  channels  there  can  appear  shocks  that  are 
connected  with  the  flow  around  the  concave  surface  and  back,  and  also  due  to  the 
interference  of  bow  shocks  with  the  profile  inside  the  channel  (at  high  supersonic 
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velocities).  In  the  slanting  shear  at  the  cascade  exit  and  behind  it  there  will  fora 
a  well-known  system  of  expansion  shocks  and  waves  which  Is  induced  by  the  trailing 


Fig.  36.  Shapes  of  .profiles  Kdd:  channels  of  action 
supersonic  cascades:  a —  cascades  for  low  super¬ 
sonic  velocities:),  b  —  cascades  for  high  supersonic 
velocities;  c  —cascades  with  various-shaped 
channels . 


It  is  obvious  that  the  shape  of  the  entrance  and  exit  sections,  of  the  profile 
and  the  shape  of  the  channel  should  ensure.:  a)  minimum  wave  losses'  in  bow  and  fear 
shocks  and  b)  shock-free  and  continuous  motion  with  minimum  frictional  losses  in  the 
vane  channel. 

These  problems  are  solved  differently  for  transonic  and  high  supersonic  veloci¬ 
ties. 

At  transonic  velocities  (M*  <  <  i.?)  the  shape  of  the  bow  shocks  is  similar 

to  that  of  the  normal  shocks  (see  Fig.  56a).  It  Is  possible  to  consider  that  stag¬ 
nation  of  flow  at  the  entrance  to  the  channel  is  carried  out  in  a  normal  shock,.  At 
low  supersonic  velocities  (M..  <  1.3)  the  losses  in  normal  shocks  are  small  (1  to 
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therefore,  cascades  of  group  "B"  (see  Table  1)  are  designed  by  the  "normal  shock" 
method.  In  cascades  of  this  type  the  leading  and  trailing  edges  of  the  profile  are 
pointed  aid  rectilinear,  and-  the  vane  channels  are  continuously  convergent..  The 
curvilinear  portions  of  the  back  and  concave  surface  have  a  varying;  curvature,  whereby 
the  shape  of  the  curvilinear  part  of  the  channel  is  calculated  according,  to  the  . 
channel  method  (§  2). 

Action  cascades  for  >  1.3  are  designed  by  various  methods  which,  differ  by  the 
organization  of  the  flow  at.  the  leading  edges  in  'the  channel,  and  at  exit  of  the 
slanting  shear. 

The  entrance  sections  of  the  back  of  the  profile  pf  supersonic  cascades  (group 
"B, "  see  Table  1)  can  ensure  a  constant  velocity  behind  the  bow  shock  (rectilinear 
entrance  -sections),  a  gradual  stagnation  of  flow-  in  the  system  of  shocks  (broken 
.entrance  section-'),  or  continuous  stagnation  along  the  concave  wall  (see  Fig.,  36c) . 

With  any  method  of  organization  of  the  flow  at  the  entrance,  the  middle  curvi¬ 
linear  part  of  the  channel  -can  be  made  with  a  convergent  (channels  1,  3,  and  4  in 
Fig.  36c)  or  constant  cross  section  (channel  2  in  Fig.  36c).  In  the  first  ;case  the 
flow  is  stagnated  first,  and  then  accelerated.  The  minimum  cross  section  is  disposed 
inside  the  channel  (au  <  Eg).  In -a  channel  of  constant  cross  section,  flow  stag¬ 
nation  occurs  only  due  to  friction.  Acceleration  of  flow  is  carried  out  in  the 
slanting  shear  at  the  exit.  The  minimum  cross  section  then  coincides  with  the  exit 
.section  (aM  =  Ug,  Fig.  36c).  Convergent-divergent  channels  may  be  shaped  either 
with  continuous  convergence  to  the  minimum  cross  section  aM  and  subsequent  diver¬ 
gence  to  (channel  3),  or  with  short  convergent  and  divergent-  sections  united  by 
a  curvilinear  channel  of  constant  cross  section  a*M  (channel  1).. 

The  exit  section  of  the  back  of  the  profile  (in  the  slanting  shear)  may  be 
calculated  by  the  method  of  characteristics  and  made  concave  (as  also  for  profiles 
of  group  TC-P  or  TOBP  )  or  rectilinear.  In  all  design  methods  the  leading  and  trail¬ 
ing  edges  are  tapered  and  pointed. 

The  shape  of  the  vane  channel  renders  a  decisive  influence  on  the  losses  in  an 
action  supersonic  cascade  under  calculated  and  variable  conditions. 

Of  much  practical  interest  is  the  selection  of  the  curvature  of  the  back  and 
the  concave  surface  for  a  supersonic  flow  in  the  vane  channel.  As  shown  by  theoreti¬ 
cal  analysis,  even  in  a  channel  of  relatively  great  curvature  it  is  possible  to  avoid 
the  formation  of  shock  waves  on  the  concave  surface.  This  conclusion  is  also  con¬ 
firmed  by  experimental  data. 
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The  design  of  action  cascades  with  a  continuous  supersonic  flow  may  be  carried 
out  by  assuming  that  the  flow  lines  in  the  channel  are  a  set  of  concentric  circles. 
The  velocity  distribution  in  such  a  channel  obeys  the  equation 

cR  =  a*/?,  =  const, 

where  c  is  the  velocity  of  an  arbitrary  flow  line;  R  is  the  radius  of  a  flow  line 
circle;  a#  is  the  critical  velocity  reached  on  a  flow  line  whose  radius  of  curvature 
i  s  R#. 

Consequently;, 


XR  =  1; 


We  shall  consider  a  theoretical  case  of  infinitely  thin  leading  and  trailing 
edges  of  a  profile  (Pig.  27a).  The  flow  at  the  entrance  and  behind  the  cascade 
may  be  considered  as  equal  and  uniform  (direction  of  velocity  at  entrance  coin¬ 
cides  with  direction  of  leading  edges).  Consequently;  segments  of  the  back  and  the 
concave  surface  in  front  of  the  portion  of  constant  cross  section  of  the  channel 
and  at  its  exit  must  ensure  a  shock-free  transition  to  the  flow  line  circles  (at  the 
entrance)  and  conversely,  from  the  circles,  from  the  circles  to  straight  lines  (at 
the  exit). 

The  calculation  of  the  transition  sections,  which  are  noted  in  Fig.  27&>  may  be 
carried  out  by  the  method  of  characteristics.  With  the  given  velocity,  at  the  entrance, 
the  velocity  behind  the  Infinitely  thin  leading  edges  is  =  M^,  since,  in  rated 
conditions  the  intensity  of  the  shocks  at  the  leading,  edges  will  -be  infinitesimal. 

At  the  transition  section  of  the,  concave  surface  the  flow  should  be  slowed  down  to 
the  given  velocity  M  _  ,  and  accelerated  in  the1  transition  section  of  the  back,  to 

Mc’ 

We  shall  designate  by  ft  the  deflections  of  the  supersonic  flow  with  its  expansion 
from  M  =  1.  to  (angle  6^),  from  M  --  1  to  Mc  (angle  &c  ),  and  from  M  =  1  to  Mfi 
(angle  6  B  ). 

In  the  zone  of  compression  on  the  transition  section  of  the  concave  surface, 
the  deflection  decreases  by  the  quantity  5C  - -6 B  ;  in  the  zone  of  expansion  on 
the  transition  section  of  the  back,  the  deflection  increases  by  the  quantity  6^  - 
-  6b.  Both  transition  sections  should  deflect  the  flow  at  an  identical  angle. 
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Consequently 


—  ft,-!-v  =  6t— ftt. 


where  v  is  the  angle  of  displacement  of  the  transition  sections  of  the  back  and  the 
concave  surface  (see  Fig.  37b). 


Fig.  37-  Profiling  of  an  action  cascade  with  contin¬ 
uous  supersonic  flow:  a  r-- construction  of  symmetric 
profile  of  action  lattice;  b  —  profiling  of  channel; 
c.  and  d  —  construction  of  leading  edge ; 

The  shape  of  the  profile  and  the  vane  channel  is  determined  by  the  and  Mg 
numbers  at  the  entrance  and  exit,  the  angle  of  deflection  of.  the  flow  in  the  cascade 
0  =  +  B?,  and  the  selected  values  of  M s  and  M<j  on  the  concave  surface  and  the 

back.  For  a  symmetric  profile  (see -Fig.  37a)  the -angle  of  deflection  is  0  =  2p^  = 

=  2Pg.  In  tliis  case  the  concave  surface  and  the  back  have  a  length  that  is  determined 
by  the  following  angles: 

8  —  2(6,'  — 9  —  2  (ft, - 6l) • 

The  transition  sections  on  the  back  are  connected  to  the  edges  by  segments  of 
straight  lines  which,  together  with  the  transition  sections  of  the  concave  surface, 
form  Infinitely  thin  edges.  It  is  not  possible  to  make  such  edges. 

The  leading  edges  of  the  blades  may  be  tapered  (see  Fig.  37c  and  d).  The  angle 
of  taper  b()  is  selected  in  such  a  way  so  that  the  shock  at  point  C  is  attached. 
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If  the  velocity  of  the  incident  flow  is  directed  parallel  to  the  back  DB 
(p^  =  0lcrj  )  then  there  appears  only  one  branch  of  the  shock  CB  (Fig.  37c).  The 
velocity  behind  the  shock  is  easily  determined  by  means  of  calculation.  'From 
points  A  and  B  begin  the  transition  sections,  whereby  .segment  AC  is  selected  with 
such  a  length,  so  that  shock  CB  strikes  at  the  beginning  of  the  transition  section 
of  -the  back. 

If  angle  p^  >  Plcn  ,  there  appears  shock  DA  (Fig.  37d).  The  edge  (line  AC)  is 

undercut  parallels  to  the  velocity  vector  M^a,  whereby  the  shock  is  annihilated  at 

point  A,  in  the  expansion  wave  that  has  formed  there.  The  vane  channel  is  calculated 
> 

for  velocity  M^,  behind  shock  DA. 

During  the  calculation  of  cascades  by  the  indicated  method  it  is  necessary  to 
be  sure  that  for  the  selected  M  B  and  MQ  numbers  there  can  exist  a  supersonic  flow 
at  tne  entrance  to  the  vane  channels'.  This  probl-.  is  solved  with  the  help  of  the 
continuity  equation  presented  in  §  31. 

Let  us  note  here  that  the  maximum  Mc  number  is  determined  from  the  condition 
of  maximum  flow  rate  through  the  cascade  in  its  minimum  cross  section  with  the  cal¬ 
culation  of  losses  and  the  curvature  of  the  flow  lines. 

Figure  38  gives-  the  curves  of  the  dependence  of  maximum  angles  6*  on 
for  a  certain  range  of  values  of  6Bi  The  curves  in  Fig.  3,8  give  the  boundary 

values  of  the  numbers  at  the 

entrance,  depending  upon  the  M  B  (oB) 
and  Mc  (&c  )  numbers,  whereby  the  cor¬ 
responding  lines,  6b  *  idem,  divide 
the  diagram  into  two  regions j  .above  the 
curves  is  the  region  in  which  super¬ 
sonic  velocities  cannot  appear  at  the 
entrance. 

As  already  indicated  earlier,  a 

,  decrease  of  wave  losses  in  the  bow  shocks 

Fig.  38.  Limiting  values  of  angles  6. 

depending  upon  6C  (Mc  )  and’  6b'(Mb  ),  be  attalned  *>*  Introducing  gradual 

which  determine  the  region  of  accessible  deceleration  in  the  system  of  shocks  at 
supersonic  velocities  at  the  entrance. 

the  entrance.  After  appropriately 

constructing  the  back  of  the  profile  at  the  entrance  (see  Fig.  36a),  this  method 
may  be  applied  for  profiling  the  middle  portion  of  the  channel. 
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Let  us  consider  some  results  of  an  experimental  investigation  of  action  cascades 
in  a  supersonic  flow.  Figure  39  presents  the  curves  of  pressure  distribution  along 
the  profile  of  cascade  TP-15.  The  channels  of  the  cascade  are  convergent-divergent 
and'  have  no  area  of  constant  cross  section.  The  minimum  cross  section  is  located 
hear  the  entrance  before  the  main  deflection  (points  8r7  and  13-14) .  Stagnation  of 
flow  on  the  back  occurs  in  front  of  the  entrance  section  of  the  channel  (points  10 
to  12 )v  At  Mg  >  1,  in  front  of  the  channel  there  appears  a  normal  shock  which 
approaches  the  entrance  section  as  the  Mg  number  increases.  In  conditions  of  Mg  2 
2  1.5,  bow  shocks  enter  the>  vane  channel.  The  flow  is  accelerated  in  the  channel 
behind  the  shocks,  whereby  a  large  expansion  is  detected  near  the  minimum  cross 
section  on  the  back  of  the  profile.  As  Mg  increases,  the  zone  of  the  pressure  mini¬ 
mum  is  displaced  toward*  the  flow  and  expansion  decreases  on  t*he  back,. 


Fig.  39*  Pressure  distribution  along  profile 
of  paction  cascade  TP-1B  (convergent-divergent 
charnels)  at  t  =  0.575;  Py  =  89°05;  Pj_.  =  ?0°> 

— . - cascade  TP- IB  with  gradual  stagnation 

at  entrance  when  ¥  «=  0.625;  =  90°;  p^.=  20°. 

In  conditions  close  to  those  calculated  (Mg  «  1,5  to  1.6),  the  pressures  distri¬ 
bution  on  the  back  and  concave  surface  is  favorable;  the  flow  in.  the  channel  is 
supersonic.  Figure  39  also  contains  a  curve  (dotted  line)  that  corresponds  to  a 
cascade  with  channels  of  constant  cross  section  and  with  gradual  stagnation  at  the 
entrance.  The  stagnation  in  the  system  of  shock  here  is  less  intense  and  in  the 
middle  portion  of  the  channel  the  flow  is  less  convergent.  At  the  exit,  the  flow  . 
is  accelerated  more  intensely. 

The  flow  fields  of  supersonic  reaction  and  action  cascades  are  shown  in  Fig.  40 . 
In  t’nc  reaction  cascade  (Fig.  40,  I)  it  is  possible  to  see  the  characteristic 
spectrum  of  flow  in  a  slanting  shear  with  three  shock  waves  (edge  and  reflected 
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shocks ) .  The  interaction  of  an  edge  shock  with  the  boundary  iayer  on  the  back  leads 
to  swelling  of  the  layer  and,  in  certain  cases,  to  its  separation. 


Fig.  40.  Flow  spectra  in  supersonic  cascades: 

I  —  nozzle  cascade  TC-B,  =  '11,52 j,  II  —  action 

cascade  with  convergent-divergent  channels 
v  (TP-1B),  0.575,  Py  -  896?0»,  ^  »  189;  a) 

rjQ  -«*  1.J4;  b)  =  1.64;  III  —  cascade  with 

gradual'  stagnation  at  entrance:  =  .0.625,  Py  * 

*»  90°;,  =  '22°50* ;  c)  M1  =  1.47,;  d)  =  1.67. 

At  the  entrance  sections  of  action  profiles  (Fig.  40,  II  and  III),  systems  of 
shocks  are  formed  in  front  of  the  edges .  When  the  profiles  are  made  according  to 
the  method  of  gradual  stagnation  (Fig.  40,  III),  at  high  supersonic  velocities  there 
are  formed-  two  shocks,  one  of  which  is  located  at  the  salient  point.  It  is  charac¬ 
teristic  that  at  sufficiently  high  numbers  >  1  the  velocities  are  supersonic 
everywhere  and  there  are  no  shock  waves  inside  the  channel. 

At  the  cascade  exit  there  will  form  a  system  of  shocks  that  consists  of,  as 


also  in  the  reaction  cascade,  two  edge  shocks  and  one  reflected  shock. 


A  comparison  of  the  losses  in  supersonic  cascades  designed  by  different  methods 
raay.be  seen  in  Pig.  4l.  The  characteristics  of  cascades  of  group  "B"  are  given  there 

with  channels  of  different  form,  with 
gradual  stagnation  at  the  entrance,  and 
without  it.  Gradual  stagnation  has  notice¬ 
able  advantages  at  Mg  i  i.5  to  1.6.  In 
cascades  with  channels  of  constant  cross 
section,  the.  losses  at  transonic  and  sub¬ 
sonic  velocities  are  essentially  lower 

a 

than  in  cascades  with  convergent-divergent 
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_,  channels.  However,  at  i  1.4  to  1.5 

Fig.  41.  Total  losses  in  action  super-  '  ^ 

sonic  cascades  designed  by  different 
methods:  1,  5,  4  —  cascades  with  con¬ 
vergent-divergent  channels  and  recti¬ 
linear  bacic  at  exit}  5  —  cascade  with 
channels  of  constant  cross  section  and 
rectilinear  back  at  entrance;  2,  6  — 
with  broken  back  at  entrance;  7  — TP-1E;  correspond  to  cascade  TP-1A.  In  conditions 
8  -  TP-iA.  v 

of  Mg  «*  1.0  to  1.25  the  best  characteris¬ 
tics  are  possessed  by  cascade  TP- IE,  and  at  Mg  >  1.25  the  total  losses  are  minimum 
in  cascades  of  group  "B. 11 


the  latter  are  characterized  by  minimum 
losses. 

At  subsonic  ivelocities,  minimum  losses 


Thus,  the'  experiments  confirmed  the  correctness  of  the  method  of  designing 
supersonic  action  cascades  with  gradual  stagnation  at  the  entrance  and  convergent- 
divergent  channels.  These  cascades  shoul_d  be  employed  at  6  1.5  to  1.6.  The 
optimum  contraction  ratio  of  a  channel  at,  the  entrance  and  the  expansion  ratio  at 

the  exit  (the  ratios  a^ /ay  and  a2/aM,  see  Fig.  56c)  depend  on  the  (Mg)  number  and 


the  deflection  in  the  cascade.  For  the  range  of  numbers  from  1.5  to  2.0,  these 
I’atios  lie  within  the  following  limits:  a^/a^  =•  1.1  to,  1.2  and  a.g/au  =  ^■•'45  to- 1.25. 

At  numbers  from  1.25  to  1.5,  satisfactory  results  are  given  by  cascades  with 
channels  of  constant  cross  section  and  pointed  edges. 

A  check  showed  that  the  calculated*  pressure  distribution  in  the  channels  sacis- 
factorily  coincides  with  the  experimental  distribution  in  sections  up  to  40$  of  the 
chord  on  the  back  and  up  to  65$  of  the  chord  on  the  concave  surface.  Significant 
deviations  from  the  calculation  at  the  exit  sections  of  the  channel  are  explained  by 
uncalculated  influence  of  the  boundary  layer. 

"According  to  the  channel  method  that  was  presented  above,  which  was  first 
proposed  by  Guderley. 
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§  9.  FLOW  RATE  COEFFICIENTS  OF  TUR3INE  CASCADES 
The  calculation  of  flow  areas  of  nozzle  and  moving  cascades  is  produced  with  the 
help  of  an  important  characteristic,  i.e.,  the  flow  rate  coefficient,  -which  is  deter¬ 


mined  by  the  formula 


where  G  and  Gt  are  the  actual  and' theoretical  flow  rates  through,  the  cascade. 

The  values  of  p  essentially  depend  on  how  the  concept  of  the  theoretical  flow 
rate  G*.  is  formulated.  In  accordance  with  the  continuity  equation,  the  actual  mass 
flow  rate  of  gas  through.a  nozzle  cascade  may  be  calculated  by» different  methods : 

G  =  p G,  =  «n  utt4  =■  #-•  *»  «»•  (M  ] 


Here  d  and  ,1.^  are  the  mean  diameter  and  height  of  the  cascade;  and  c^t 

are  the  density  arid  velocity  flow  behind  the  cascade  with  isentropic  expansion; 
put  and  c u  t  are  the  density  and  velocity  in  the  throat  area  with  isentropic 
expansion;  is  the  mean  actual  (flow  rate)  angle  of  exit  from  the  cascade. 

The  flow  rate  coefficients  in  equation  (44)  correspondingly  refer  to:  the  area 
of  the  throat  sections  and  the'  theoretical  parameters  behind  the  cascade  (p. )  ,  the 
area  of  the  throat  sections  and  the  theoretical  parameters  in  these  sections  .(p*;), 
the  area  of  the  exit  section  and  the  theoretical  parameters  in  this  section  (p|) . 

"Other  methods  of  expressing  the  flow  rate  of  gas  through  a  cascade  are  also 
possible.  Thus,  for  instance,  equation  (44),  may  be  written  in  the  following  manner: 

<3  =  sin  q„  (5) 

•where  pM  and  cM  are  the  mean  actual  (taking  losses  into  account)  density,  and  velocity 
in  the  throat  sections. 

The  enumerated  flow  rate  coefficients  are  interrelated: 


u.  =  u* 

P  CiKk 


;  ui-i’Iliii-  u,’  JSsfi. 


and  can  be  approximately  expressed*  through  the  velocity  coefficient  <p.  Actually, 


*In  the  determination  of  the  velocity  coefficient,  the  parameters  are  averaged 
with  respect  to  the  momentum  equation,  and  the  flow  rate  coefficient  is  averaged 
with  respect  to  the  continuity  equation. 


I 


m 


since 


Wif«  “i  ^  KfoA*  «n  «,*  ^*9^  sin  a,,*  - 

=  Hi«i  fiii  *«"  “i  -=  HiOj^jc  sin  «,*; 


then 


fcv-u  Otf  *in g»»  _ •  Ci/  — »»  ft*  Sat  sin«n^  _ 
v^Hl  9i  ~  **no,  r‘‘  e,  wu  «iT  *»"«, 

'•  ix  CM  SinO|^ 

Fl  Cl  *»n«! 


(*7) 


Formulas  (46)  and  (47)  distinctly  show  that  the  difference  between  the  flow 
o-ate  coefficients  between  j 1  and  ip  can  be  very  significant,  depending  upon  the  geo¬ 
metric  and  performance  parameters  of  the  cascade. 


sin  a 


Since  the  ratios  of 


3  in  d. 


1  3* 


and  the  densities 


i 


<?■/ 

«i 


1  + 


1+- 


•  ul 
^^nll 


depend  on  the  number  and  the  loss  coefficient  it  is  obvious  that  these 

parameters  determine  the  degree  of  difference  of  the  indicated  coefficients. 

The  selection  of  the  flow  re  ;e  characteristic  of  a  cascade  is  determined  first 
of  all  by  the  reliability  of  the  experimental  data  with  which  it  is  calculated.  In 

£  #  t 

the  experimental  determination  of  the  flow  rate  coefficients  p  ,  p^,  and  p^,  and 
also  in  the  thermal  calculation  of  a  stage  with  these  coefficients,  it  is  necessary 
to  know  exactly  the  distribution  of  parameters  in  the  throat  section  and,  the  angles 
behind  the  cascade  a^..  In  many  cases  these  data  are  absent,  whereby  even  an  in¬ 
significant  error  in  estimating  the  outlet  angles  can  lead  to  an  appreciable  error 
in  the  calculation  of  the  area  of  flow  sections  of  the  cascade.  Therefore,  when 
performing  thermal  calculations,  the  factories  mainly  use  the  flow  rate  coefficient 
p^,  which  can  be  obtained  from  experiments  with  maximum  accuracy. 

The  flow  rate  coefficients  that  refer  to  the  throat  sections  of  nozzle  and 
moving  cascades  are  calculated  by  the  following  formulas: 

***  =  fjCi fin  ^  ***  “  ’ 

Here  F^  =  udl^  sin  ^  is  the  area  of  the  throat  sections  of  a  nozzle  cascade 
and  Pp  =  ndlp  sin  flg  ^  Is  the  area  of  the  throat  sections  of  a  moving  cascade,  since 
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P2t  and  w2t  are  the  theoretical  density  and  velocity  in  relative  motion  behind  the 
moving  cascade.. 

Ail  geometric  parameters,  that  determine  the  areas  and  Fg  are  easily  measured 
by  conducting  the  appropriate  experiments.  In  the  thermal  calculation,  these  param¬ 
eters  are  established  by  drawings. 

The  quantities  and  u2  may  also  be  expressed  by  gas-dynamic  functions  [22]: 

m  -  OVTTi  -  (48) 

1  AA  lAifx' '  AfjAjffu 


„  gVT^  G)Tu 

P*  “  Xfthrftf  A Fffitt. 


Here  pQ1  and  Tq^  are  the  pressure  and  stagnation  temperature  in  absolute 
motion  in  front  of.  a  nozzle  cascade;  pQ2  and  TQ2  are  the  pressure  and  stagnation 
temperature  in  relative  motion  in  front  tof  a  moving  cascade; 


is  the  given  flow  rate  at  the  exit  of  a  nozzle  cascade  in  the  theoretical  process; 


/•*+'«  Y~'x  ( 

i _  i*v 

\  2  ;  M 

1  *-pi  *lt) 

is  the-  flow  rate  function;*  p^  and  p2  are  the  static  pressures  behind  nozzle  and 
moving  -cascades; 


/  ”  i±! 

-V  Km)"’ 


is  a  constant  (R  is  the  gas  constant). 


♦Functions  q2^.  and  are  determined  by  Xw2{.  =  by  means  of  an  analogous 
formula  (a*w  is  the  critical  velocity  in  relative  motion  behind  a  moving  cascade), 
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The  flow  rate  coefficients  n"  and  also  depend  on  profile  shape,  type  of 
cascade,  relative  height,  entrance  angle  of  flow,  and  Re  and  M  numbers,  i.e.,  oh  the 
performance  and  geometric  parameters  which  determine  the  outlet  angle  and  losses  in 
a  cascade  and  must  be  given  separately  for  each  cascade . 

However,  up  to.  now  a  large  number  of  cascades  being  utilized  in  turbine  con¬ 
struction  do  not  have  the  indicated  flow  rate  characteristics.  At  the  same  time, 
the  experimental  data  accumulated  at  MEI  can  be  generalized  for  certain  groups  of 
cascades . 

Thus,  for  instance.  Pig.  gives  the  flow  rate  coefficients,  depending  upon 
relative  height  and  step  pitch  TC-1A  and  TC-3A  cascades  (see  Table  1)-.  In  a  suf- 


depends.  on  cascade  height.  At  lower  heights,  as  l  decreases,  the  flow  rate  coef¬ 


ficients  decrease  more  intensely. 


Pig.  Hti.  Dependence  of  flow  rate  coefficients 
on  relative  height  for  MEI  nozzle  cascades 

v 

with  various  pitch  T  and  entrance  angles  of 
flow  ct(>;  Re^  number  equals  =  0.6j. 

A  study  of  the  influence  of  .pitch  "t  shows  that  the  optimum  (with  respect  to 
losses)  range  of  T  includes  the  maximum  values  of  the  flow  rate  coefficients. 

The  basic  geometric  parameters  analogously  (from  the  qualitative  side)  affect 


the  flow  rate  coefficient  of  action  cascades.  It  is  natural  that  the  absolute  values 
of  u2  will  be  lower  than  those  of  p^. 

The  results  of  certain  experiments  for  uecermining  p2  are  shown  in  Fig.  43. 

A  significant  influence  chi  the.  flow  rate  coefficients  is  also  rendered  by  the 
Re  number. 

The  graphs  in  Fig.  44)  show  that  as  the  Re  number  increases,  the  flow  rate 
coefficients-  p^  and  p2  increase.  At  small  Re,  a  growth  of  p2  with  an  increase  of 


Fig.  43.  Dependence  of  flow  rate  coef¬ 
ficient  for  moving  cascade  TP-OA  MEI  on 

relative  height  —  at  different  entrance 

T 

angles  (3^  and  relative  pitch; 


Re  is  more  intense  than  p^.  When  Re  s 
i  .6*i0  and  p2  practically  do  not  de¬ 
pend  on  Re.  The  calculation  of  the  flow 
rate  through  a  cascade  at  supersonic 

velocities  Is  produced  with  the  help  of 

* 

the  flow  rate  coefficient  p  .  In  this 
case  the  density  aha  velocity  in  the  throat 
sections  in  a; theoretical  process  are 


Fig.  44.  Influence  of 
Reynolds  numbers.  Re^  and  .Re2 

on  flow  rate  coefficients  of 
nozzle  and  moving  action 
cascades  p^  and  p2> 


equal  to  the  critical  values,  (p  t  =  p#;  cut  =  a#). 

For  those  conditions  (M^.  S'  1),  the  coefficient  p*  weakly  depends  on  the  and 
Re^  numbers  (see  Fig.  17c). 

For  an  analytic  determination  it  is  also  very  convenient  to  use  the  flow  rate 
coefficient  p  .  The  calculation  of  the  potential  flow  in  a  channel  makes  it  possible 
to  establish  the  velocity  (pressure)  distribution  around  the  profile  contour  and 
find  the  displacement  thickness  6  in  the  throat  section  in  any  (including  the 
throat)  section  of  the  channel. 

The  flow  rate  through  one  cascade  channel  is  determined  by  the  formula 
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0 


(*9) 


where  Gtz  is  the  theoretical  flow  rate  in  one  channel.  The  sign  2  indicates  that 
the  product  in  parentheses  must  be  summed  up  for  the  concave  surface,  back,  and  two 
end  walls. 

Since,  on  the  other  hand, 

Gj  =  sin i  ow  =  |i  *G,„ 


then 


o 


(50) 


In  accordance  with  formula  (50),  for  a  determination  of  \i*  it  is  necessary  to 
calculate  the  quantity  (p^,  cM  6*)  for  the  back,  concave  surface,  and  end  walls 
of  the  channel,  and  find  their  sum-.  This  is  easy  to  do  after  calculating  the  boundary 
layer-  oh  these  surfaces.  Calculation  of  the  potential  flow  makes  it  possible  to 
establish  the  values  of  p  Mt  and  c  on  the  outer  bound  of  the  layer  cri  these 
surfaces .. 
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CALCULATION  OF  A  STAGE. 

§  10.  SELECTION  OF  CASCADES  FOR  THE  STAGE  BEING  DESIGNED 
When  designing  a  new  turbine  or  reconstructing  .an  existing  turbine,  which  is 
conducted  for  the  purpose  oi  raising  its  economy,  it  is  necessary  to  match  cascades 
to  the  stages,  select  their  dimensions,  and  determine  the  efficiency  and  degree  of 
reaction,  etc.,  l.e.,  calculate  the  stage. 

The  simplest  and  most  reliable  method  is  the  selection  of  a  stage  that  has 
undergone  a  check  in  an  experimental  turbine.  As  a  result  of  testing  the  stages, 
the  experimental  turbine* s  basic  characteristics  are  determined,  e.g.,  efficiency, 
degree  of  reaction,  and  flow  rate  coefficient,  depending  upon  u/c^,  e,  and  Re.  If 
a  combination  of  cascades  is  selected  which  has  been  tested,  but,  in  the  stage  being 
designed,  other,  experimentally  unchecked,  geometric  parameters  (heights,  diameter, 
clearances,  and  others)  are  proposed,  then  it  is  possible  to  use  correction  graphs 
that  make  it  possible  to  consider  the  deviation  of  dimensions  of  the  selected  stage 
from  the  dimensions  under  investigation. 

However,  in  a  number  of  cases  it  becomes  necessary  to  use  cascades  and  their 
combinations  that  have  not  been  checked  in  an  experimental  turbine,  and  investigated 
only  in  static  conditions.  In  those  cases  it  is  necessary  to  select  cascades  which, 
after  satisfying  the  basic  requirements  of  thermal  calculation  of  the  turbine,  will 
be  optimum,  i.e.,  the  stage  will  have  the  highest  efficiency  accessible  in  these 
specific  conditions.  Furthermore,  one  should  consider  the  requirements  of  reliability 
and  unification.* 

*Somo times  stages  are  used  that  are  not  calculated  for  the  highest  efficiency, 
which  can  he  related  to  the  problem  of  lowering  turbine  cost,  simplifying  the  design, 
or  stabilizing  the  economy  under  varying  operating  conditions. 


This  chapter  considers  only  single  stages  with  cylindrical  blading  and  full 
gas  supply. 

The  selection  of  cascades  for  a  stage  should  be  first  conducted  depending  upon 
the  type  of  conditions  in  which  the  stage  will  be  operating,  e.g.,  subcritical  or 
supercritical. 

This  chapter  considers  stages  with  subcritical  velocities. 

Selection  of  Nozzle  Cascade 

The  selection  of  cascades  for  a  stage  should  begin  from  the  nozzle  cascade, 
since  its  dimensions  determine  the  basic  dimensions  of  the  subsequent  moving  cascade. 
Furthermore,  for  action  single  stages,  the  effect  of  the  nozzle  cascade  on  economy 
is  considerably  greater  than  that  of  the  moving  cascade. 

From  the  nozzle  cascades  that  we  have  developed  in  recent  years,  it  is  possible 
to  use  many  which  have  demonstrated  good  effectiveness  and  have  been-  checked  experi¬ 
mentally.  Certainly,  it  is  desirable  to  employ  cascades  which  have  been  checked 
experimentally  in  annular  cascades,  in-  actual  diaphragms  with  the  usual  plant  tech¬ 
nology  of  manufacture,  arid  especially  those  investigated  in  experimental  turbines. 

It  is  very  important  that  the-  experimental  check  of  cascades,  both  in  static  con¬ 
ditions,  and  also  in  turbines,  be  conducted  under  actual,  or  close  to  actual,  test 
conditions  (M  and  Re  numbers,  initial  turbulence). 

In  this  chapter  the  method  of  cascade  selection  is  explained  In  reference  to 
MEI  cascades  of  group  "A."  As  can  be  seen  below  from  the  text,  this  method  is 
easily  extended  to  other  cascades,  for  which  there  are  experimental  aerodynamic 
characteristics..  Some  examples  are  the  characteristics  given  in  the  atlas  of  profiles 
and  in  the  standards  (see  Chapter  I). 

Usually  during  the  calculation  of  a  stage,  we  know  the  volume  admission  of  gas 
passing  through  the  stage  and  calculated  according  to  the  parameters  in  front  of  the 
nozzle  cascade  (or  more  exactly,  in  front  of  the  parameters  of  stagnated  flow)  Gvqj 
the  average  diameter  of  the  stage  d,  which  is  determined  from  a  preliminary  calculation 
of  the  turbine,  or  selected  from  the  conditions  of  design  or  unification;  the  turbine 
velocity  n  and  the  velocity  ratio  is 

u*' _ _ju _ 

C*  ~  |/  2A0  +  <? 

(or  the  available  stage  heat  drop  hQ). 

^Selection  of  the  velocity  ratio  u/cj,  for  the  stage  is  considered  later  in  Chapter 
IV.  q 


-9'*- 


(51) 


With  these  known  quantities  it  is  easy  to  determine  an  approximate  value: 

/,  sin  ^  200 {*-«] 


or 


(5?) 


where  0  is  the  flow  rate  of  gas  per  unit  of  time  (kg/sec ); 
v0  -  (m3/kg); 
d  -  (ra)  j 
n  -  (rpm); 
h0  -  (kj/kg) . 

This  preliminary  calculation  is  necessary  in  order  to  select  the  nozzle  cascade 
and  its  basic  geometric  characteristics. 

As  we  know,  an  increase  of  cascade  height  or  more  exactly,  relative  height 
ll  ~  1?ads  tci  a  lowering  of  tip  losses,  and  consequently,  to  an  increase  of 

cascade  efficiency.  At  the  same  time,  it  is  not  possible  to  select  an  arbitrary 
value  of  angle  a1  3^.  Each  cascade  at  a  certain  variation  of  the  angle  of  incidence 
ay  and  relative  pitch  t  =  t/b  has  a  definite  range  of  variation  of  angle  ^  (see 
Chapter  I). 


®1  fQ *  ®*)’ 


Thus,  the  selection  of  angle  3(^  by  itself  signifies  the  selection  of  one 
cascade  or  another,  or  at  least  a  limitation  of  the  number  of  cascades  available 
to  the  designer. 

First,  for  simplicity,  we  shall  consider  that  only  one  nozzle  cascade  can  be 
used.  From  the  range  of  possible  angles  a^  it  is  tempting  to  select  the  lowest 
value;  this  makes  it  possible  to  obtain  a  maximum  height  l^,  which  means  minimum 
tip  losses.  However,  for  a  given  cascade,  a  decrease  of  angle  3(^,  as  a  rule, 
leads  to  an  increase  in  losses  (for  the  same  T^).  Actually,  a  decrease  of  angle 
a^  is  a  decrease  of  the  mounting  angle  of  the  profile  ay  and/or  a  decrease  of  the 


-95- 


relative  pitch  of  the  cascade.  Both  of  these  factors,  as  experiments  show  [22], 
usually  leads  to  an  increase  of  profile  losses .  The  most  intense  increase  is  in  the 
edge  losses,  whi.h  for  the  given  profile  (b  and:  are  essentially  increased  as  the 

pitch7  and  angle  ay  decrease. 

In  order  to  clearly  present  the  relation  between  the  angle 

=  /(/,  a,)  and  the  losses  =  /(/,  a,)*. 


Fig.  shows  graphs  of  the  dependence  of £  Q  =  (a^  ay,  7)  for  one  MEI  TCt2A 
cascade.  The  graphs- were  calculated  for  specific  values  of  \p^>i  for  other  A^/'o, 
reconstruction  of  the  curves  presents  no  difficulties  and  does  not  result  in  any 
qualitative  change  of  the  dependence.  The  graphs  in  Fig.  ^5  were  constructed  accord¬ 
ing  to  the  cascade  characteristics  given  in  the 
atlas  of  profiles.  Analogous ^graphs  can  be  con¬ 
structed  for  all  cascades  that  have  sufficiently 
complete  aerodynamic  characteristics. 

By  using  diagrams  of  this  type,  it  is-  possible 
for  the  given  angle  to  find  the  optimum 

values  of  relative  pitch  t  and  mounting  angle  of 
the  profile  ciy,  and  also  to  determine  what  addi- 


Fig.  J»5.  Losses  in  nozzle  cas¬ 
cade  TC-2A  depending  on  mount¬ 
ing  angle  of  profile  dy  and 

relative  pitch 


tional  losses  will  result  from  a  deviation  from 
the  optimum  characteristics  that  were  adopted  for 
unification  purposes. 

Thus,  for  a  given  grid  with  determined  profile  dimensions  (b  and  ),  selected 
with  respect  to  conditions  of  technology,  reliability-  and  unification**  and'  at  the 
obtained  value  of  7^  sin  g^,  i.e.,  for  7^  sin  gj,  one  should  determine  the 
values  of  a ^  ^  and  7^  which  will  give  the  least  total  cascade  losses.  It  is  natural 
that  the  designer  will  try  to  apply  precisely  these  optimum  dimensions.  For  a 
determination  of  the  moot  advantageous  dimensions  of  a  specific  cascade,  a  graph  of 
£c  =  f(71  oin  g^)  is  constructed.  Since  usually  (except  very  short  cascades) 

the  tip  losses  are  proportional  1/7^,  for  a  number  of  values  of  it  is.  possible 


*/;  implies  that  part  of  the  losses  in  a  nozzle  cascade  which  depends  only  on  t 
and  «y. 

**The  selection  of  quantity  b  from  the  point  of  view  of  -*conomy  is  considered 
later. 
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to  construct  a  series  of  straight  lines,  i.e.,  dependences  of  total  cascade  losses 
(by  summarizing  the  tip  losses  and  minimum  losses  for  each  ^  of  losses  from  the 
diagram  in  Fig.  46)  on  l/F^  sin  g^.  The  lower  envelope  of  the  series  of  these 

straight  lines  gives  the  minimum  value  of  losses  in  the  given  cascade,  depending 
upon  1/F^  sin  ou  g$. 


20  f/i,Su>a, 


Fig.  46.  Dependence  of  total  losses  in  nozzle 
cascade  TC-2A  on  sin  i  and  sin  for 

selection  of  optimum  angie  at  A^/b  »  0.012. 


Thus,  knowing  sin  ct^  we  find  the  angle  ^  at  which  the  losses  in  the 
nozzle  cascade  are  minimum,  arid  according  to  it  we  select  angle  ^  and  l^. 

Figure  46  shows  the  curves  of  =  f  (T^  sin  g^)  for  nozzle  cascade  MEI 
'TC-2A. 

It  should  be  emphasized  that  the  graphs  in  Figs.  45  and  46  were  constructed 
for  »  0.6-0. 9  and  for  Re^  numbers  greater  than  5*10^. 

During  the  calculation  of  a  stage,  with  other  values  of  M  it  is  necessary  to 
introduce  corrections  taken  from  the  aerodynamic  characteristics  of  cascades  (see 
§§  4  and  11 );  the  Influence  of  Re  numbers  is  considered  only  in  a  certain  zone  (see 
§§  4,  18,  and  45). 

The  construction  of  graphs  like  those  in  Fig.  46  for  other  MEI  TC-1A  and  TC-5A 
cascades  and  a  comparison  of  the  curves  of  £g*n  for  these  thi'ee  very  popular  nozzle 
cascades,  shows  that: 

a)  for  identical  sin  ci^  the  TC-2A  and  TC-3A  cascades  have  approximately 
identical  total  losses; 

b)  cascade  TC-1A  for  all  sin  is  less  economic  than  TC-2A  and  TC-3A;* 

^Taking  into  account  the  increased  tip  losses  in  actual  annular  cascades  and  also 
from  the  condition  of  blading  continuity  and  the  lowering  of  losses  with  the  outlet 
velocity,  it  is  sometimes  of  value  to  employ  a  cascade  with  angle  cx^  smaller  than 
optimum. 
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c)  despite  the  wide-spread  opinion  concerning  the  necessity,  of  using  nozzle 
cascades  with  small  angles  a ^  g(j,  for  stages  that  operate  with  small  volume  steam 
admissions,  calculations  of  aerodynamic  characteristics  show  that  cascades  with  the 
same  7^  sin  g(j,  and  larger  g^  frequently  have  less  total  losses.. 

Thus,  for  cascade  TC-1A,  angle  a.  =  12.5°  gives  minimum  losses  only  when 
sin  <  0.0f>5 ;  a  smaller  angle  leads  to  an  increase  in  losses  at  .any 

T±  sin  g^.  For  cascade  TC-2A-,'  correspondingly,  qx  ^  =  15.5°  When.  7X  sin  a.,  < 

<  0.08.  For  cascade  TC-3A,  correspondingly,  a x  =  18.5°  when  sin  ax  g^  <  0.085i 

It  should  be  noted  that  the  graphs  presented  above  were  constructed  or.  the  basis 
of  the  results  of  static  tests  of  two-dimensional  cascades.  In  actual  annular  cascades 


the  losses  will  be  different;  moreover,  in.  certain  cases  the  optimum  value  of.  angle 
al  3c*>  raay  also  change.  Thus,  for  instance,  in  welded  diaphragms  with  unprofiled, 
shrouds,  the  tip  losses  in  short  cascades  are  essentially  higher  than  in  straight 


ones.  In  connection  with  this,  it  is  possible  that,  the  optimum  value  of  angle  ax 
at  small  sin  will  be  somewhat  lower  than  that  obtained  with  the  use  of  the 

results  of  static  investigations  of  two-dimensional  cascades.  At  the  same  time. 


tests  of  annular  cascades  in  welded  diaphragms  indicated  a  significant  Increase  of 


losses  in  the  root  sections  of  the  cascades  with  smali  angles  ^  and  cylindrical 
shrouds . 


In  conclusion,  we  shall  indicate  that  if  an  intermediate  stage  of  multistage 
turbine  Is  being  designed,  the  selection  of  and  consequently,  also  angle  ax  g^, 
should  begin  not  only  with  the  requirements  of  stage  economy  and  unification,  but 
also  with  the  conditions  of  continuity  of  the-  turbine  blading. 


Selection  of  Moving  Cascade. 

The  selection  of  the  moving  cascade  of  a  turbine  stage  is  produced  with  respect 
to  the  outlet  angle  g^,  the  inlet  angle  and  the  velocity  .flow  .  For  the 
cascade,  the  profile  angle  f3y  and  relative  pitch  7,  and  consequently  angle  02 
are  selected  with  the  overlap,  shroud  inclination,  direction  of  absolute  outlet 
velocity  Cp  (i.e.,  angle  a2),.  and  the  degree  of  reaction  taken  into  account. 

The  overlaps  in  intermediate  single  stages  (Fig.  47)  are  recommended  in  the 
following  limits. 

It  should  be  taken  into  account  t..at  the  amount  of  overlap  depends  not  only  on 


the  cascade  height,  but  also  on  the  ax' \1  and  radial  clearances,  and  on  the  tech¬ 
nology  of  diaphragm  manufacture.  The  table  *.hown  below  gives  recommendations  for 


Table  1 .  Overlaps  of  Intermediate  Single  Stages 


Height  of  nozzle ' 
cascade  in  mm 

Total  overlap 

hn  *  hk  in  ““ 

Height  of  nozzle 
cascade  in  mm 

Total  over- 
iap  + 

+  t^y  in  mm 

15-25 

25.-50 

2.5-3 

-  2.5-3. 5  | 

59-75 

75-150 

3-4.5 

3. 5-5. 5 

stages  with  welded  diaphragms,  for  the  mean  values  of  the  axial  dimensions  of  the 
stage  and  good  stage  sealing. 

Usually  intermediate  stages  with  low  moving-blade  heights  have  cylindrical 
blade  shrouds,  i.e.,  constant  inlet  and  outlet,  heights  of  the  moving  cascade.  Then 

with  respect  to  l^,  i.e.,  the  height  of  the  nozzle 
cascade  and  the  overlap j  the  outlet  height  of  the 
moving  cascade  l g  is  determined. 

In  certain  cases  it  Is  of  value  to  incline  the 
shroud  of.  a  moving  blade.  This  should  be  done  in  stages 
of  medium  pressure.  If  it  is  not  possible  to  create  con¬ 
tinuous  blading  by  other  means,  i.e.,  the  transition 

from  one  stage  to  another.  Sometimes  the  requirements 

« 

of  unification  also  force  the  use  of  an  Inclined 
shroud.  If  the  shroud  is  inclined  (conical),  the  chan¬ 
nel  should  be  convergent,  I.e'.,  the  channel  area 

towards  the  flow  should  not  be  increased  anywhere.  Otherwise  the  cascade  will  have 

a  divergent  flow  in  certain  sections,  which,  as  a  rule,  increases  the  losses. 

It  is  desirable  that  angle  q2  be  close  to  a  right  angle  (75°  <  a2  <  110°).  If 

angle  a2  considerably  deviates  from  90°,  then  at  the  entrance  to  the  following  stage, 
where  a  standard  conventional  nozzle  cascade  is  selected,  both  the  profile  and  tip 
losses  will  be  increased. 

In  certain  turbines  (usually  turbines  of  low  power  and  some  ship  machinery)  the 
number  of  stages  or  their  diameters  are  decreased  by  striving  towards  small  nonoptimum 
velocity  ratios  u/c^.  Then  a  considerable  decrease  of  angle  a 2  is  Inevitable.  So 
that  this  decrease  of  a2,  and  consequently,  also  the  angle  of  entrance  aQ  to  the 
following  cascade,  does  not  cause  an  essential  lowering  of  economy  of  the  following 
stage,  it  is  necessary  to  use  specially  designed  nozzle  cascades  with  3mall  calculated 
angles  (see  §  24). 


Pig.  47.  Diagram  of  action 
type  single  stage; 
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If  the  stage  being  calculated  is  the  last  one  in  the  given  section  and  Its 

outlet  velocity  is  not  completely  used,  then  it  is  desirable  that  ag  be  close  to 

the  quantity  a2  =  90°  +  0g,  and  for  a  single  stage,  to  dg  =  9°°-  Very  frequently 

it  is  considered  that  the  minimum  value  of  outlet  velocity  Cg  is  attained  when 

a2  =  90°.  If  a  stage  with  definite  values  of  d  and  02  Is  being  designed  then  for 

a  fixed  value  of  the  peripheral  velocity  u  it  turns  out  that  (c?)  is  attained 

min 

when  ctg  =■  90°  +  0?. 

Actually,  we  shall  use  two  equations: 


lgOj  = 


tin  ft. 


c«P *-»/=?, 


Wjlfap,  — CjSina,. 


From  these  equations,  after  excluding  velocity  Wg,  we  obtain: 


*•  »ui«,ctfp,—  ca*c. 

It  follows  from  this  that  the  minimum' value  of  c^  is  attained  . when  ag  =  9°°  +  P2- 
When  a2  =  90°  +  0g,  the  efficiency  of  the  given  stage  will  naturally  be  lower  than 
when  dg  =  90°,  since  a  decrease  of  the  outlet  velocity  is  attained  by- means  of 
decreasing  i.e.,  the  stage  is  calculated  for  u/c^  >  (u/c^)onT  •  However,  If  in 
a ,  given  section  each  subsequent  stage  completely  (or  to  a  considerable  extent)  uses 
the  outlet  velocity  of  the  preceding,  one,  then  the  efficiency  of  the  entire  section, 
after  redistribution  of  the  heat  drop  between  stages,  will  mainly  depend  on  the 

cf 

h  a  ^  of  the  last  stage.  Consequently,  the  efficiency  of  the  entire  section  will 
be  the  highest  when  a2  =  90°  +  &2  for  the  last  sta®e? 

The  preliminary  calculation  of  a  stage  and  the  selection  of  a  cascade  are  governed 
by  the  magnitude  of  the  mean  reaction  PCp*  The  mean  reaction  of  a  stage  (in  the  first 
approximation  it  is  considered  that  this  is  the  reaction  on  the  mean  diameter)  is 
selected  depending  upon  cascade  flare  (d/i)  and  the  sealing  of  clearances  in  the 
stage.  The  less  d/l,  the  bigger  the  change  of  the  reaction  with  respect  to  height j 
and  since  it  is  desirable  to  have  approximately  a  zero  reaction  in  the  root  sections, 
pCp  increases  as  d/l  decreases. 

Selection  of  the  reaction  of  a  stage,  taking  into  account  the  steam  leakages, 
is  considered  in  §  12.  It  is  necessary  also  to  consider  that  an  increase  of  the  _ 
reaction  at  the  root  can  essentially  increase  the  axial  stresses. 


For  preliminary  calculations  it  is  possible  to  recommend,  with  a  full  steam 
supply  and  good  sealing  of  clearances  in  a  stage  with  cylindrical  blading,  the 
following  values  of  the  reaction  on  the  mean  diameter:* 

_ 

«*^TjqFr» 


(??) 


where 


A  ^ ' 

8c=— • 


For  more  exact  calculations  it  is  possible  to  use  the  following  formula  [33  J: 

V  cot*  «r 

****  WcMtif+f'  (53a) 


where  <p  =  1  -  f  is  the  square  of  the  velocity  of  the  nozzle  cascade, 
c 


Final  selection  of  the  moving  cascade  and  its  dimensions  should  be  performed 
after  a  detailed  calculation  of  the  nozzle  cascade  and  construction  of  velocity 

triangles  of "  the  stage. 

For  a  more  precise  determination  of  the  dimensions  of 
the  nozzle  cascade,  on  the  basis  of  the  selected  reaction, 
with  the  help  of  an  is-diagram  we  find  the  pressure  p^ 

(see  Fig.  ^8)  and  specific  volume  v^  behind  the  nozzle 
cascade  during  the  isentropic  process  of  expansion. 

Then  the  height  of  the  nozzle  cascade  is 

Cv  it 


/,= 


1  '  sin  Oj^  ’ 


(54) 


where 


cu'~  V  2A„  +  cl 


Fig.  48.  Process  of 
steam  expansion  in  a 
stage  in  an  is-diagram. 


The  flow  rate  coefficient  is  selected  on  the  basis 
of  an  experiment;  it  is  preferable  to  use  the  results  of 
the  experimental  determination  of  the  flow  rate  coefficient 
of  an  actual  diaphragm.  If  there  are  no  experimental  data 
on  p^,  then  for  gases  and  superheated  steam  it  is  possible 
to  take  p^  *  0.97  (see  §  9)» 


*Thio  question  is  considered  in  greater  detail  in  Chapter  VII. 


Knowing  the  dimensions  of  the  nozzle  cascade  and  the  conditions  of  flow,  by 
means  of  the  aerodynamic  characteristics  we  find  the  losses  in  the  nozzle  cascade 
£c  and  then  hc  (kj/kg). 


(55) 


Taking  into  account  the  selected  overlap,  height  of  the  nozzle  cascade,  and 

v 

inclination  of  the  blade  shroud,  we  obtain  the  height  of  the  moving  cascade  z2  and 
the  angle 

W-isafe-,  (*) 


where  «2t 


the  relative  inlet,  velocity  is  found  with  the  help  of  the 


velocity  triangles  shown  in  Pig.  49- 


Fig.  49-  Velocity  triangles  of  a  stage. 


Formal  use  of  formula  (56)  in  a  number  of  cases  can  lead  to  a  noticeable  error 
in  the  determination  of  02.  Usually  the  flow  rate  coefficient  u2  implies  the 
coefficient  that  considers  the  losses  also  at  the  entrance  to  the  moving  cascade, 
and  In  the  determination  of  velocity  w^,  according  to  which  the  velocity  w2^.  is 
computed,  these  losses  are  not  considered.  It  is  more  correct  to  perform  the  calcu¬ 
lation  in  the  following  way. 

We  shall  write  a  continuity  equation  for  the  entrance  and  exit  sections  of  the 
moving  cascade,  whence  we  shall  find  the  interdependence  of  angles  p2  and  (3^: 

p>,  /,  ; 

Pi  Wu  Vi  /,  n'  ‘ 

We  shall  designate  the  velocity  in  the  entrance  section  of  the  moving  cascade 

1  t  1 

by  wx  -  V'  wr  Here  w^  is  the  relative  velocity  in  the  entrance  section  of  the  moving 
cascade;  is  a  coefficient  that  considers  the  losses  in  the  clearance  between 


cascades  and  the  losses  at  the  entrance  to  the  moving  cascade.  The  flow  rate 


coefficient  u2  considers  the  change  of  the  flow  rate  as  compared  to  the  theoretical 
value  with  losses  only  in- the  convergent  channel  of  the  moving  cascade. 

It  is  obvious  that  f  and  >  p.g.  Usually  it  is  possible  to  assume  that 
they  are  equal  (with,  the  exception  of  a  flow  of  moist  steam).  Then 


•h  ftt  t, 
ft  1 t 


(56a) 


Herev^  is  the  specific  volume  of  steam  (gas)  at  the  entrance  to  the/moving 
cascade^ 

If  there  are  experimental  values  for  angles  and  02,  they  should  be  used  in  ' 
the  construction  of  velocity  triangles . 

On  the  basis  of  angles  02  ^  and  0^,  the  relative  height  of  the  moving  cascade 
(chord  b  is  usually  selected  on  the  basis  of  reliability  and  unification)  and 
the  My  number,  which  is  calculated  with  respect  to  relative  outlet  velocity  *2</, 
we  shall  select  the  moving  cascade. 

After  determining  the  dimensions  .and  total  losses;,  for  the  selected  moving  cas¬ 
cade,  we  construct  an  outlet  velocity  ;triangle  and  find  angle  a2. 

If  the  value  of  angle  a2goes  beyond  the  recommended  limits,  then  it  is  possible 
to  somewhat  change  the  reaction  p  or  the  value  of  the  outlet  height  of  the  moving 
cascade  l^,  i.e.;,  the  overlap.  An  increase  of  the  reaction  leads  to  a  decrease  of 
angle  a2j  the  same  effect  is  caused  by  an  increase  of  l2  (angle  £2  correspondingly 
decreases). 

It  should  be  recalled  that  for  the  given  Initial  parameters  and  heat  drop  of  a 
stage,  an  increase  of  the  degree  of  reaction  leads  to  a  small  increase  of  the  area 
of  a  nozzle  cascade  and  to  a  considerable  decrease  of  the  outlet  area  of  a  moving 
cascade. 

For  the  purposes  of  unification,  frequently  in  the  design  of  new  turbines  or 
the  reconstruction  of  existing  ones,  it  is  expedient  to  employ  cascades  with  pre¬ 
determined  dimensions.  Then  the  stage,  i.e.,  combination  of  nozzle  and  moving 
cascades*,  will  have,  under  specific  operating  conditions  (u/c^  and  e),  a  determined 
magnitude  of  reaction,  which  can  be  changed  only  by  changing  the  dimensions  of  the 
cascades. 


For  rated  operating  conditions  of  a  stage  or  with  a  small  deviation,  when  wo 
may  practically  disregard  the  influence  of  the  change  of  the  angle  of  entrance  to 
the  moving  cascade  (angle  0^),  the  mean  reaction  of  the  stage  can  be  determined  by 


the  following  formula:* 


(*  —  g)Hh<+  —  2f  cota.^Kl—  g 

where 

x+~~cj'  e~  PtfP r 


(57) 


However,  calculation  of  the  reaction  p  by  this  formula  is  inconvenient  and  does 
not  reveal  the  influence  of  different  factors.  Therefore,  Fig.  50  illustrates  a  graph 


Fig.  50;  Stage  reaction  p  depending  upon 
geometric  characteristics  of  cascades. 


~  ^(al  P»  (^2  ”  ^  1 ) ^  1 '  E> 


l.  sin  a± 

of  the  dependence  of  p  on  7  .  ■■■s - 2i_i 

P  l  g  sin  P28$H2 


and  X.  =  — .  This  graph,  was  constructed 


*  c* 

for  the  particular  case  of  =  lj°, 

<p  =  6.96  and  e  =  0.8.  For  other  values 
of  <j>,  a^j  and  e,  the  correction  curves 
shown  in  Fig.  51  should  be  used. 

In  order  to  estimate  what  the 
moving  cascade  should  be  after  selecting 
the  nozzle  cascade,  without  resorting 
to  complicated  calculations,  the  nomo¬ 
graph  in  Fig.  52  may  be  used.  The  nomo¬ 


graph  contains  the  dependence  P2  ~ 


After  determining  angle  p2  on  the  nomograph,  using  the  aerodynamic  character¬ 
istics,  we  shall  select  the  moving  cascade.  The  characteristics  of  moving  cascades 
may  be  derived  on  the  basis  of  the  results  of  their  tests  (see  Chapter  I). 

For  instance,  for  group  "A"  of  MEI  moving  cascades,  the  selection  may  be  per¬ 
formed  with  the  aid  of  Table  1. 

If  it  is  possible  to  select  several  cascades  for  the  obtained  angle  ,,  the 
one  tnat  has  the  least  losses  under  the  specific  conditions  (p2  (3^,  T2,  and  M,rf  ) 


*As  already  indicated  earlier,  this  chapter,  and  in  particular  the  given  formula, 
pertains  only  to  subcritical  flow  in  stages  with  a  full  steam  supply  and  cylindrical 
blading  at  large  d/i . 


should  be  used.  Usually  it  is  preferable  to  select  a  cascade  with  a  smaller  number, 
since  the  relative  pitch  of  the  cascade  will  then  be  higher,  and  consequently,  the 
edge  losses  (certainly,  in  the  zone  of  optimum  ”t)  will  be  lower;  the  number  of  blades 
win  also  decrease. 

In  the  selection  of  a  moving  cascade  with  respect  to  a  given  angle  large 

role  is  played  by  their  unification  and  reliability. 

Selection  of  Profile  Chord- 

During  the  last  few  years  the  tendency  to  decrease  the  chord  of  the  profile1  of 
a  nozzle  cascade  appeared.  A  number  of  turbines  here  and  abroad  began  to  employ 
diaphragms  with  narrow  blades.  The  purpose  of  decreasing  the  width,  and  consequently 
also  the  chord  of  the  profile  is  to  increase  the  relative  height  of  the  cascade  in 
order  to  reduce  tip  losses. 

However,  it  should  be  considered  that  for  a  given  thickness  of  the  trailing 
edge  —  it  is  doubtful  whether  its  minimum  value,  a,  which  is  determined  by  the  con¬ 
ditions  of  technology  and  strength,  can  be  decreased  —  a  decrease  in  profile  chord 
leads  to  an  increase  in  the  ratio  ^p/agj  i.e.,  the  thickness  of  the  edge  to  the 
thrgat  of  the  channel,  and  consequently,  to  a  growth  of  edge  losses.. 

The  Re  number  decreases  proportionally  and  the  relative  roughness  increases  as 
chord  decreases.  Both  factors  in  principle  lead  to  an  increase  of  losses  (the  Re 
number  influences  both  the  profile  and  the  tip  losses).  However,  for  the  first 
stager  ,  where  the  blades  are  low  and  it  is  necessary  to  decrease  the  chord,  the  Re 
number  is  vo-vy  large;  therefore,  their  influence  may  be  disregarded. 

I  '  the  surface  purity  of  the  profile  is  poor,  the  influence  of  roughness  must  be 
considered.  For  this  we  shall  use  the  materials  of  the  preceding  chapter. 

Profile  losses  in  the  zone  of  raised  roughness,  according  to  (24)  are  equal  to: 

w-w~  C2ml  sin  a,  xp  \  b  )  ’ 


Taking  S  =  0.17,  C  »  400,  and  m  =  0.25,  we  will  obtain: 

0,03-1)  (*,„)l/l  ,-l/t 
inl,-w “  Fsinciij^  ’ 

For  a  r pacific  cascade  for  all,  with  the  exception  of  chord  b,  constant  geometric 
dimensions  (l^  =  const,  =  const,  t  =  const,  g^  =  const),  the  optimum  value  of 
profile  chord  can  be  X._<id. 
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o 


Numerous  experiments  of  different  organizations  showed  an  approximately  linear 
dependence  of  edge  losses*  on  811(1  a  ^inear  dependence  of  tip  losses  on  1/F^ 

for  not  very  short  cascades.  Then  the  total  losses,  which  depend  on  the  chord  of 
the  profile, will  be  equal  to: 


C'  =  - +  Y -r-1-  4-*“— -  b~ *'* - 

f  T  *  /»  ‘  t  ana,* 

=cjr'+J-b+cmb-'». 


Here  K  is  the  tangent  of  the  angle  of  incidence  of  the  straight  line 
7  is  the  same,  for  straight  line  '5K0HII  -  f  (b/i^).. 


#) 


Hence,  the  optimum  value  of  profile  chord,  which  gives  minimum  cascade  losses. 


Let  us  estimate  the  influence  of  roughness  on  the  optimum  value  of  chord  in  an 
example  of  a  TC-2A  cascade  with  the  following  given  parameters:  F  =  0.6;  sin  = 

•s-OtSu  ;■ 

Let  us;  assume  that  k...  =  0.002  —  for  a. polished  surface  (see  Table  4). 


Then  cm  =  0.047 


imm  ~  -f-  0,(  81/j. 


When  l ^  =  20  mm,  boni?  =  48.7  mm  (without  taking  into  account  the  influence  of 
roughness,  bQnT  =  42.5  mm). 

If  we  assume  that  the  surface  of  the  profile  is  corroded  and  =  0.02,  cor¬ 
respondingly,  then  cm  =  0.085.  Then  at  =  20  mm,  bQnT  =■  54.0  mm. 

Thus,  the  influence  of  roughness  on  bonT  is  perceptible  when  there  is  considerable 
roughness  and  in  long  blades,  where  tip  losses  are  not  great,  It  should  be  noted 
that  the  dependence  of  £  =  f(b)  in  the  zone  of  bonT  is  continuous;  therefore,  the 
chord  of  the  profile  may  be  selected  by  inaccurately  following  formula  (59) - 


For  polished  and  ground  blade  surfaces,  it  is  possible,  disregarding  the  in¬ 


fluence  of  roughness,  to  use  the  following  formula: 


t.  _  1  f  K  A*i-1 1  , 

bmm-y  y  7sina 


(59a) 


♦Edge  losses  practically  do  not  depend  on  roughness  (see  §  4). 
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Here  boniJ1  and  are  given  in  nun. 

From  this  formula  it  is  clear  that  the  optimum  value  of  profile  chord  is  pro¬ 
portional  to  the  square  root  on  the  cascade  height. 

Figure  53  gives  a  graph,  which  may  be  used  to  determine  the  optimum  value  of 
chord  bonT  depending  upon  i ^  and  T  according  to  formula  (59*0*  This  graph  was  con¬ 
structed  for  three  MEI  nozzle  cascades  of 
group  "A,"  TCrlA,  TC-2A,  and  TC-3A,  for 
mean  values  of  A^D  and  sin  3^.  A  more 

urecise  determination  of  b _ _  for  other 

oiit 

values  of  _AKp  and  g^.is  easily  performed 
with  formula  (59a).  These  graphs  are 
easily  constructed  for  any  cascade  on  the 
•basis  of  the  available  aerodynamic  charac¬ 
teristics. 

The  optimum  values  of  chord  for  short 
cascades  are  higher  than  those  adopted  in 
certain  steam-turbine  designs;  for  cascades 
from  70  to  100  .mm  high,  conversely,  they 
are  usually  applied  less  often. 

It  should  be  taken  into  account  that 
the  graphs  shown  in  Fig.  53  were  constructed 
on  the  basis  of  results  of  static  tests  of 
two-dimensional  cascades;  in  reality, 
especially  in  welded  diaphragms,  the  effect 
of  cascade  height  will  be  greater;  secondly,  turbine  diaphragms,  especially  in  the 
first  stages  of  steam  turbines  with  high  and  extra-high  parameters,  must  be  made 
wider  than  the  optimum  profile  width  requires  with  respect  to  conditions  of  reliability 
therefore,  in  front  of  the  cascade  there  is  a  significantly  wide  entrance  section 
that  is  partially  partitioned  by  posts,  as  a  result  of  which  there  appear  certain 
additional  losses. 

These  factors  undoubtedly  affect  the  value  of  optimum  chord  of  the  profile; 
therefore,  quantitative  changes  can  be  revealed  only  after  special  experiments  with 
actual  diaphragms.  Independently  of  this,  the  existence  of  optimum  profile  chord  is 


Fig.  53.  Selection  of  optimum  chord 
of  MEI  nozzle  cascades  (group  "A") 
depending  upon  blade  height  and 

relative  pitch  tf:  - r-; —  profile 

TC-1A ;  sin  a±  ^  =  0.22;  A^  =  0.56  i 

- profile  TC-2A ,  sin.  = 

=  0.26;  /^p  =0,6  mm;  —  *  — ,^>jp£o- 
file  TC-3A,  sin  a;L  =  0.31;  A^  = 

=  0.6  mm. 


very  important. 


The  selection  of  the  width,  and  consequently,  also  the  chord  of  the  profile  of 
a  moving  blade,  is  practically  determined  not  by  economy,  but  by  reliability.  Usually 
in  the  stage  being  designed,  the  width  of  the  moving  blade  is  selected  on  the  basis 
of  reliability  and  unification.  It  should  be  understood  that  a  decrease  of  profile 
width  leads  to  an  increase  of  flexural  stresses  in  the  blade  approximately  to  the 
third  power. 

A  alogous  considerations  and  calculations  may  also  be  conducted  for  a  moving 
cascade.  Thus,  for  MEI  moving  cascades  of  group  "A,"  the  approximate  value  of  opti¬ 


mum  chord,  when  Avr,  =  .0.4  mm  is* 

Kp 


(59b) 


where  Z2  is  given  in  mm. 

Optimum  chord  can  be  found  more  exactly  with  the  help  of  the  aerodynamic  charac¬ 
teristics  of  the  cascade  for  specific  values  of  ARp,  ¥,  a^,  and  0^ 

Example ;  Let  us  consider  the  use  of  the  above-stated  method  for  the  selection 
of  cascades. 

Given:  mass  of  steam  per  unit,  of  time  G  =  90.0  kg/sec;,  steam  parameters  in 
front  of  stage:  pressure  pQ  =  50  bar;  temperature  tQ  =  450°C;  speed  n  =  3000  rpm; 
mean  diameter  d  =  O.98;  u/c^  «  0.48.  ,  • 

The  approximate  value  of 


7« 


i'7 .28  JW. 


We  shall  select  nozzle  cascade  TC-2A  with  profile  chord  b  =  52  mm  and  trailing 
edge  Aw_  =  0.6  mm. 

up 


Then  :: — - - 

l  sin  a. 


=  7.15. 


With  respect  to  the  optimum  envelope  in  Fig.  46,  angle  ^  =  18°  (sin  gl^  -- 
=  0.309).  This  angle  can  be  obtained  when  ¥  »  0.8  and  a =  40°;  height  of  the  nozzle 
cascade  is  l,±  =  23.6  mm. 

The  optimum  value  of  profile  chord,  according  to  formula  (59a),  is  equal  to 

t>mm  =  29  MM. 


♦Without  taking  into  account  the  influence  of  roughness.  If  necessary,  this 
calculation  can  be  performed  with  formulas  that  are  analogous  to  (59). 
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A  more  precise  determination  of  - - — - does  not  result  in  an  essential 

Ti  Sln  “1  3$ 

change  of  the  optimum  angle  - 

Assuming  a  straight  shroud  and  an  overlap  of  3  mm  we  obtain  the  first  approxi¬ 
mation  of  the  height  of  the  moving  cascade,  l2  =  23.6  +  3  =  26.6  mm. 

For  these  dimensions  (d/i  «=  37)  we  select  the  mean  reaction 

q  «=  0,08.- 

2 

According  to  the  heat  drop  of  the  stage,  hQ  »  12.3 (d/x^)  *  51.3  kj/kg,  we 
determine  e  =  0.84. 

_  Taking  on  the  nomograph  of  Fig.  52,  we  find: 

jJno^=  p 

For  this  angle  p2  we  select  a  TP-4A  moving  cascade. 

Detailed . calculation : 

/» sin  ^  =  7 

The  exact  value  does  not  require  a  change  of  the  optimum  angle  a ^  g^.  Then  the 
height  of  the  nozzle  cascade  is  -=  22.7  ram.  From  the  inlet  velocity  triangle  we 
have:  p^  -  35.3°  and  =  160  m/sec.  With  the  same  overlap  of  3  mm,  the  exit  height 
of  the  moving  cascade  will  be: 

/,  =  25J mm; 


*in  ~  Sin  Pj  y-  =  0,467, 

&ti  vt  If 


whence,  P2  =  27.8°.  Thus,  a  more  precise  determination  of  angle  P2  does  not 
require  a  change  of  the  selected  TP-4A  cascade.  The  angle  of  direction  of  the 
absolute  outlet  velocity  is  ctg  =  99°  >  which  is  fully  acceptable. 

Thus,  the  geometric  characteristics  of  the  moving  cascade  are  t  =  0.59  and 
Py  =  77°.  The  profile  chord  is  selected  on  the  basis  of  unification  and  should  be 
checked  by  means  of  a  strength  analysis  of  a  moving  blade.  For  the  given  case,  the 
optimum  chord  is 

t>onm  -  4  lr2 oj  =  20  MM. 


Other  Ways  of  Raising  the  Economy  of  a  Stage  with  Low  Heights 

For  low  blade  heights,  if  the  technology  of  manufacture  permits,  meridional 
profiling  of  nozzle  cascades  should  be  employed  (see  §  5). 

The  application  of  special  meridional  profiling  in  an  annular  cascade  gives  a 
gain,  i.e.,  a  decrease  in  losses  A£c ,  which  is  approximately  inversely  proportional 
to  and  can  be  roughly  estimated  by  the  following  formula  (Chapter  I): 

s  (6o) 

If  the  cascade  is  assembled  from  milled  nozzles,  the  gain  will  be  somewhat  (by 
approximately  30#)  less. 

As  shown  in  Chapter  I,  the  application  of  meridional  profiling  not  only  de¬ 
creases  the  losses  in  a  nozzle  cascade,  but,  in  lowering  the  pressure  gradient  along. 
the  height  in  the  clearance  between  cascades,  lowers  the  leakage  over  the  shroud  of 
the  moving  blades. 

If  the  cascade  has  a  meridional  contour,  the  optimum  chord  of  the  profile  is 
increased.  In  this  case  b^T,  which- is  found  by  formula  (59)  or  by  means  of  the 
graphs  in  Fig.  53,  should  be  increased  approximately  1.5  times. 

Using  the  results  of.  experiments  conducted  on  experimental  turbines  of  MEI  and 
KTZ,  with  full  supply  and  welded  diaphragms,  it  is  possible  to  recommend  (for  sub- 
critical  flow)  the  application  of  meridional  profiling  for- i^b^  <  (1  to  1.2),  and 
for  nozzle  cascades  composed  of  separate  milled  blades,  for  l^b^  <  (0.5  to  0.8). 

Figure  54  shows  the  results  of  investigations  conducted  at  MEI  on  a  single 
stage  with  meridional  profiling  and  without  it.  Dimensions  of  the  stage:  diameter 
d  =  400  mm;  l^/b ^  =  0.28. 

As  can  be  seen  from  the  experiments,  the  efficiency  of  the  stage  increased  by 
^’'Oi/^Oi  =  11  ®^d  the  reaction  drop,  with  respect  to  height,  fell  from  7.5  to 

1#  (at  u/c$  *  0.5). 

When  designing  stages  with  a  unilateral  meridional  contour,  one  should  consider 
that  the  calculated  outlet  area  cannot  be  found  with  the  usual  formula  for 
Trdl^  sin  g^,  and  will  be  somewhat  larger  than  it.  This  area  should  be  exactly 
determined  on  z  drawing.  We  may  preliminarily  assume  that 

ss  1 ,05  ad/,  sin  e,^. 

This  increase  In  area  should  be  considered  either  when  selecting  the  dimensions 
of  a  nozzle  cascade  (for  instance,  with  a  decrease  of  angle  g^)  or  when  selecting 
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Fig.  5  4 .  Results  of  stage  investigation 
according  to  MEI  experiments  with  uni¬ 
lateral  meridional  profiling  of  nozzle 
cascade .  Cascades  TC-2A  and  TP-2A :  d  = 

=  400  mm,  l ^  =  15  mm,  =  i 8  mm,  b^  = 

=  51.5  mm,  a.,  =  15°  — - - stage  without 

contraction,  F^/F^  =  1.73;  - - stage 

v/ith  7  mm  contraction,  F^/F^  =  1.62;  e  = 

=  P^/Pq  =  °-8  to  0.85,  Rec^  *  4-105. 

the  optimum  chord  of  the  profile  increases 
following  formula  for  the  TP-Ak  series: 


a  moving  cascade.  If  the  area  of  a 
moving  cascade  is  left  equal  to  the  Fg 
of  a  stage  without  meridional  profiling, 
and  the  nozzle  area  increases,  the  mean 
reaction  will  increase  by  approximately 
3-4£. 

In  view  of  the  great  technological 
complexity  of  manufacturing  a  meridional 
contour.  It  is  necessary  to  especially 
carefully  control  the  quality  of  cascade 
manufacture,  and  all  the  more  so  for 
such  small  heights  as  10  to  12  mm. 

For  stages  with  low  heights.  It  is 
also  necessary  to  change  the  moving 
cascade,  and  namely,  to  employ  moving 
cascades  of  group  "K"  (see  §  6),  which 
should  be  done  at  ^  (1  to  1.5). 

In  this  case,  just  as  for  nozzle  cascades 
somewhat,  which  can  be  estimated  by  the 


where  l2  and  bQnT  are  in  mm. 

§  11.  CALCULATION  OF  A  STAGE  ACCORDING  TO  DATA 
OF  STATIC  INVESTIGATIONS  OF  CASCADES 

As  already  indicated  earlier,  the  determination  of  the  basic  characteristics  of 
a  stage,  i.e.,  efficiency,  reaction,  and  flow  rate,  is  best  performed  on  the  basis  of 
experiments  in  a  test  turbine.  However,  if  these  tests  were  not  made,  or  if  they 
do  not  include  the  required  conditions,  it  is  necessary  to  perform  a  preliminary 
calculation  of  the  stage  according  to  static  investigations  of  cascades. 

Data  Required  for  Calculation  of.  Stage 

When  carrying  out  such  a  calculation,  it  Is  necessary  to  have  the  following  data 


1.  Total  geometric  characteristic  of  stage,  including  cascade  dimensions, 
relative  position  of  cascades  (clearances,  overlaps,  a  diagram  of  the  stage  and  seals 


and  the  technology  of  cascade  manufacture. 
2.  Operating  conditions  ..of  stage; 


where  pQ  Is  the  pressure  of  the  stagnated  flow  before  the  nozzle  cascade. 

•The  conditions  of  steam  entry  into  the  stage  (nozzle  cascade):  angle  of  entrance 
a0,  initial  turbulence,  and  irregularity  of  flow  with  respect  to  height.  t 

If  varying  operating  conditions  of  the  stage  are  being  considered,  it  is  neces¬ 
sary  to  know  whether  the  speed  is  constant  or  variable.  For  stages  that  operate  in 
the  region  of  low  pressures,  and  consequently,  low  Re  numbers,  it  is  necessary  to 
know  the  following  tentative  values:  Rec  «  b^c  ^  /v  for  the  nozzle  cascade  and 
^2w2t 

Re  =  — =- —  for  the  moving  cascade; 
w2 


where  c^  is  a  fictitious  velocity,  calculated  for  the  entire  heat  drop  of  the  stage; 

b^  is  the  chord  of  the  nozzle  cascade  profile; 

b2  is  the  chord  of  the  moving  cascade  profile; 

Wp.  is  the  relative  velocity  of  outlet  from  the  moving  cascade,  which  is 
roughly  approximate  to  (w2t/c  $  )-  **  0.7-J 

v  is  the  kinematic  viscosity,  calr  .ated  on  the  basis  of  final  (behind  the 
s  tage ) '  paramete  rs .  • 

More  exact  values  of  Re  numbers  can  be  obtained  after  determining  the  stage 
reaction.  For  determining  the  frictional  losses  of  the  disk  it  is  necessary  also  to 
know  Reu  = 

5.  Results  of  static  tests  of  nozzle  and  moving  cascades: 


for  a  nozzle  cascade* 


for  a  moving  cascaee 


Cr»/(Mc„  Rc,,); 

«iW(Mc„  ReCl); 

Hi  R «»,); 

5,  =  /  (M®,,  Re„t,  p|); 
Pi  =  /  (Mi,,,  Re,,,  p,); 
Hi  =  /  Rer,,  p,). 


*  s  a 


!  i  3 


*Tn  certain  cases  it  is  necessary  to  know  the  dependence  of  C,  ,  cl.  ,  and  p.  on 
the  entrance  conditions.  cl  i 


* 


and  its 


For  a  determination  of  relative  blade  efficiency  of  the  stage  t)qji 
variation,  a  large  role  is  piayed  by  the  velocity  coefficients  9  and  f.  If  an 
action-type  single  stage  is  being  calculated,  the  influence  of  the  velocity  coef¬ 
ficient  in  a  nozzle  cascade  is  considerably  greater  than  in  a  moving  one. 

Actually,  If  from  the  formula  for  «???’  when  p  =  0 

0J1  r 

iC“  =  -Jcos*o1(l+*-^)  (61) 


we  take  the  ratio  of  efficiency  increments  ( Atj  qji  and  (Aq0JI  )^,  which  are  caused 
by  corresponding  changes  of  the  velocity  Aq>  and  A#,  it  will  be  equal  to 


ii. 

Af 


(62) 


For  calculation  of  an  action  stage.  It  is  especially  important  to  have  the 
dependence  of  the  velocity  coefficient  in  the  nozzle  cascade  <p,  which  is  obtained 
under  conditions  which  are  most  similar  to  an  actual  stage.  If  there  are  no  experi¬ 
mental  data  on  the  study  of  annular  cascades,  it  is  necessary  to  use  the  results 
of  static  investigations  of  straight  cascades  and  introduce  a  number  of  corrections. 

It  is  important  to  note  that  numerous  experiments  were  conducted  at  MEI  under 
various  conditions:  static  investigations  of  two-dimensional  nozzle  cascades,  a 

study  of  actual  diaphragms,  and  tests  in  an  experi¬ 
mental  turbine.  They  constantly  show  that  for  all 
cascades  investigated  there  is  a  clear  dependence  of 
losses  on  the  M  number.  As  a  rule,  most  of  the 
cascades*  have  minimum  losses  at  high  subsonic 

velocities.  An  example  of  this  dependence  of  L 

c 

on  is  the  curve  in  Fig.  55,  which  gives  the  resul 
of  diaphragm  tests  with  a  TC-1A  MEI  cascade  with 
d  =  531*  mm  and  =  25  mm. 

In  the  zone  of  numbers  that  were  calculated  with  respect  to  velocity  c^, 
from  0.7  to  0.9  the  cascade  losses  are  minimum  and  total  8$,  while  at  low  velocities 
(M^  =0.6)  they  increase  to  11$. 

The  influence  of  the  Re0  number  on  L  was  detected  by  many  researchers; 

c  . 

however,  the  tx’ansfer  of  the  results  of  experiments  conducted  in  static  conditions 
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Fig.  55*  Influence  of 

number  on  losses  in  annular 
nozzle  cascade  with  actual 
diaphragm  (MEI  experiments). 
Cascade  TC-1A,  d  =  53*1  mm, 
l1  =  25  mm,  l/b  =  0.48. 


* Contemporary  cascades  created  on  the  basis  of  aerodynamic  research,  considered 
in  Chapter  I.  Cascades  created  specially  for  operation  at  M  >  1  are  considered  in 
this  chapter. 


to  the  calculation  of  a  stage  is  possible  at  this  time  only  in  certain  cases. 

Usually  the  experiments  in  static  facilities  are  conducted  under  a  relatively  small' 
turbulence,  less  than  that  in  a  turbine  stage. 

Therefore,  if  there  are  no  reliable  data  about  the  influence  of  Re  on  total 
cascade  losses,  it  is  necessary  to  consider  the  influence  of  the  Re  number  directly 
on  stage  efficiency,  using  the  results  experiments  in  test  turbines; 

The  losses  in  an  annular  nozzle  cascade  that  are  utilized  during  the  calculation 
of  a  stage  must  be  determined  by  the  following  formula: 

.fc-C (6V 


where  £  are  the  losses  according  to  experiments  with  fiat  cascades; 
c  . 

k is  a  coefficient  that  considers  the  influence  of  flare,  which  is  deter- 
mined  experimentally  or  by  the  formula  [115] 

km  =  \+A(tldf.  (64) 

Here  A  is  ah  experimental  coefficient  that  depends  on  the  configuration  and 
the  method  of  profiling  the  cascade;  it  varies  from  5  to  10. 

In  nozzle  cascades  with  constant  profiles,  at  small. d/l  the  pitch  noticeably 
ranges  along  the  height  and  in  certain  sections  T-  will  not  be  optimum.  For  cascades 
having  a  sloping  dependence  £  c  =  f(T),  in  the  optimum  zone  A  =  5 ,  for  old  cascades, 

A  =  10. 

kg  is  a  coefficient  that  considers  the  influence  of  shrouu  configuration.  Coef¬ 
ficient  kg  is  especially  great  in  cascades  with  small  angles  a^,  when  in  the  zone  of 
the  root  section  the  appearance  of  separation  of  flow  is  possible.  It  is  natural 
that  the  influence  of  the  shroud,  which  represents  part  of  the  tip  losses  in  an 
annular  cascade,  will  be  even  greater,  the  smaller  the  ratio  l  /b^. 

kTexH  is  a  coefficien'fc  which  considers  tne  influence  of  the  technology  of  dia¬ 
phragm  manufacture,  the  quality  of  treatment,  and  the  accuracy  of  manufacture, 
ganged  milled  diaphragms  it  is  possible  to  consider  that  kTexH  =  1  when  flat  shrouds 
are  used;  it  will  be  larger  in  welded  diaphragms,  and  especially  in  cast  ones.  If 
welded  diaphragms  have  a  significantly  larger  thickness  than  the  width  of  the  n  .zle 
cascade,  and  ribs  are  mounted  in  front  of  the  cascade,  then  in  such  a  diaphragm  there 
will  undoubtedly  appear  additional  losses,  which  depend  on  the  dimensions  of  the 
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disphraga,  the  dimensions  of  the  configuration,  and  the  number  and  location  of  the 
ribs. 

On  the  basis  of  the,  KhPI  experiments  [ilj] in  a  welded  KbTGZ  diaphragm  (Fig. 

56)  the  additional  losses  at  the  inlet  section  compose  0.35°.  In  other  experiments 

they  reach  up  to  0.7  to  1.0%.  Experiments  conducted  - 
in  the  LMZ  laboratory  for  a  diaphragm  With  ribs  and 
without,  them  did  not  indicate  a  noticeable  change  of 
economy.  The  influence  of  the  technology  of  manu¬ 
facture  on  cascade  economy  is  very  great.  A  charac¬ 
teristic  experiment  is  that  of  the-  Kharkc  y,  "jurbine 
plant.  In  the- modernization  of  the  BP-25-1  turbine> 
diaphragms  of  type  shown  in  Fig.  56  were  first  pre¬ 
pared,  with  certain  deviations  from  the  drawings. 

Thus,  the  edges  of  nozzle  blades,  for  simplifying 
the  milling  of  the  back  of  the  blades,  were  thickened 
to  2  mm.  After  welding  to  the  body  of  the  diaphragm, 
the  blades  were  filed  manually  for  bringing  the  edge  thickness  to  the  assigned  dimen¬ 
sion  of  0;5  mm,  as  a  result  of  which  a  thin  profile  of  the  back  of  the  blade  was  net 
ensured.  The  blade  warping  detected  during  welding  was  corrected  by  straightening 
the  edges  of  the  blades,  v;hich  also  led  to  considerable-  distortions  of  the  profile 
in  the  mounting  sites  01  the- blades.  There  were  also  ether  machining  defects..  The 
nozzle  diaphragm  and  a  second  one,  which  was  made- without  the  indicated  deviations, 
were  tested  at  KhPI.;,  The  first  one,,  as  compared*  to  the  second,  indicated  a  lowering 
of  efficiency  by  1.3$  [88]'. 

At  certain  plants,  welded  blade  diaphragms  have  thickened  trailing  edges  which 
must  be  set  into  the  shroud.  However,  during  assembly,  due  to  the  inaccuracy  of 
machining  and  mounting,  there  sometimes  remain  projections  of  these  thickenings  in 
the  channel  or,  conversely,  they  may  fall  into  the  body  of  the  shroud,  as  a  result 
of  which  there  appear  additional  losses  clue  to  the  disturbance  of  flow. 

According,  to  experiments  conducted  on  straight  cascades  at  KPI  (17  ].*  total  cas¬ 
cade  losses  increase,  especially  when  the  thickened  edges  fall  into  the  body  of  the 
shroud.  Thus,  when  this  fall  is  equal  to  3$  of  the  blade  height,  the  cascade  losses, 
increase  by  2$. 

Frequently  In  the  manufacture  of  new  turbines,  modernization,  and  repair,  and 
also  after  operation,  many  stages  of  steam  turbines  have  considerable  deviations 


Fig.  56.  Welded  diaphragms 
of  modernized  KhTGZ  turbine 
BP-25-rl,. 
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from  the  drawing;  raised  allowances,  and  considerable  profile  roughness;  this  is  un¬ 
doubtedly  one  of  the  main  .reasons  why  the  efficiency  of  existing  turbines  frequently 
is  lower  than  that  which  was  calculated. 

The  influence  of  the  technology  of  diaphragm  manufacture.  Just  as  thu  influence 
of  the  shroud,,  will  be  more  essential  for  cascades  with  small  l^/ b^.. 

If  the  cascades  in  a  diaphragm  are  carried  out  with  meridional  profiling,  it 
should  be  considered  by  the  coefficient  kuep* 

Figure  57  gives  a  graph  of  the  coefficient  kg.  Inasmuch  as  experiments  with 
actual  diaphragms  of  various  types  and  dimensions  are  still  very  few,  these -graphs,. 

which  were  constructed  on  the  basis  cf  separate  experi¬ 
ments,  are  not  universal*  but.  only  tentative,,  and  will 
be  substantial  as  more  experimental  material  is 
collected. 

If  there  is  the  possibility  of  constructing  a 
dependence  of  losses  along  the  height  of  a  nozzle  casr 
cade  as  was  dorie>  for.  example,  in  Fig.  265,  the  mean 
value  of  the  loss  factor  for  the  entire  cascade  should 
be  found-  by  integration  (certainly,  approximately 
•graphically),  taking  into  account  the  change  of  the 
flow  rate  along  the  height.  For  this,  the  cascade  is 
divided  into  streams  of  equal  height.  Ar  and  ^  and  <p^  - 

•=  Vi  -  f,  is  taken  for  each  stream...  Then  the  mean  value  of  =  y/1  -  "c„_  is,  found 

X  '  '  cp  Gp 

by  the  formula 
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Pie.  57.  Graph,  of  the  de¬ 
pendence  of  correction 
factor  kg  for  annular  cas¬ 
cades  . 
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Here  and  v.Jt  are  take!  to  be  variable  with  respect  to  height  in  connection 

with  the  change  of  the  reaction,  while  angle  (and  3(^),  with  respect  to  the 

casco  ’o.  characteristics  depending  upon  In  zones  of  increased  losses,  angle 

is  greater  than  according  to  the  chsracteristics .  In  most  cases,  £  can  be  deter- 

cp 

mined  by  the  formula 
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The  angle  of  exit  from  the  he  .-e  cascade,  a^as  shown  earlier,  ^varies  both  with 
respect  to  the  height,  and  also  with  respect  to  the^pitch  of  the  cascade. 

The  change  of  the  outlet  angle  with  respect  to  height  is.  determined  in- .particular 
by  the  tip  phenomena.  This  question  was  investigated  in  detail  atiJEI;-  TrKTI,  and 

other  organizations .  The  Japanese  scientist  Cpmi  [141] 
derived  a  dependence  o£> the  deviation  of  the-~DUtlet 
angle  (here  q^-isthn  outlet  angle  at  a  dis¬ 

tance  .from  the  end  walls  -.where  their  influence  does 
not  show  Up),.  Figure  53-  shows,  the-results  of  a  calcu¬ 
lation  with  Coral *s  formula.  For  a,  nozzle  cascade  with 
,pit(  ‘it  =  ;44  mm,  angle  increases  ;in  a  zone  of'  10 
to  25  mm,  from:  the  wali,  whereby  its  greatest  increase 
is  attained  when  i/t.*=  0.3  and  equals  =  Ti4:°;  For 

Fig.  58.  Determination  of‘  moving^  cascades,  the'  deviation  of  angle  -  p0. 
deflection  of  flow  due  to  '  '  d 

tip  losses  at  a  distance  of  reaches  up  to  8°  (at  an  inlet  angle  of  p.  =  30®)-. 
y/t  s  6.5  from  a  restricting  1  ' 

wail  depending  upon  a0  and'  Figure  58  shows  the  ibiggest  deviation  of  outlet  angle 
co 

al*  -  alt,  depending  upon  the  inlet  and  outlet  angles. 

The  theoretical  research  is  well  substantiated  by  experiments. 

During  the  calculation  "of  a.  stage,  the  mean-integral  value  of  the  angle- is 
introduced;  it  is  determined  by  cascade  investigations  in  static  conditions...  It 
should  be  pointed  out  that  the  determination  of  the  cross-sectional  area  of  nozzle 
dascades  in  a  turbine  cannot  be  performed  for  angle  a^,  which  is  obtained  on  the 
basis  of  preliminary  investigations.  The  area  ;of  the  outlet  =(throat)  section  of  a 
nozzle  cascade  should  be  taken  from  a  drawing  or  from  measurements  as  the  sum  of 
the  minimum  (throat)  cross,  sections  of  the  cascade  channels.  If,-  however,  in  the 
determination  of  the  steam  flow  rate,  the  area  is  calculated  through  sin  a^.,  then 
even  a  small  error  in  the  magnitude  of  the  angle  may  cause  a  change  of  the  operating 
conditions  of  the  whole  turbine. 

Thus,  during  tests  of  turbine  BP-25rl,  the  1°  error  in  the  determination  of 
angle  led  to  a  lowering  (at  the  same  steam  flow  rate)  of  vapor  pressure  in  the 
chamber  of  the  regulating  stage  from  63.5  to  57*2  atm  (abs),  a  corresponding  in¬ 
crease  of  the  heat  drop  in  the  regulating  stage,  large  throttling  in  the  regulating 
valve,  and  finally,  to  a  lowering  c ?'  turb'iTie  efficiency  as  compared  to  that  expected. 

Everything  stated  above  pertains  to  conditions  of  suberitieal  flow,  when  the 
direction  of  flow,  i.e.,  angle  a^,  may  be  approximately  considered  to  be  constant. 


t 
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If  there  are  no  experimental  data,  angle  g^.  should  be  determined  kith  the  formula 
for  the  sorcalled  effective  angle  (se/-  Chapter  I); 

a,  Jfe  a,  ^  =*•  arctte 

For  annular  cascades;  a2.  and  t'  are  taken  on:  the:  mean  diameter. 

With  the  use  of  this  formula  it  is  poseible  to  calculate  the.  cross  section  of 
a  cascade  with  respect  to  .-  If  it  appears  that  the  actual  angle  may  differ 

somewhat  from  the  effective  one,  it  will  not  lead  to  a  significant  error  and  will 
affeict  the  magnitude  of  stage  efficiency  to  a  small  extent,  and  the  effect  on  the 
magnitude  of  the  reaction  will  be  very  insignificant.  An  error  of  i°  in  the  deter¬ 
mination  of  angle  gives  an  error  in  computing  the  reaction  by  approximately  Ap  = 

=  0.005  (see  Fig.  51).  The  influence  of  a  slight  inaccuracy  in  the  determination  of 
angle  on  the  conditions  of  the  flow  around  moving;  cascades  also  is  small.-,  For 
stages  of  the  action- type,  an  error  of  Aa^=*  1°  leads  to  an  error  in  the  determination 
of  the  angle  of  entrance  to  the  moving  cascade  of  approximately  Ap^  =  2  to  3°  which,- 
especlaliy  for  contemporary  aerodynamically  developed  cascades,  will  not  lead  to  a 
noticeable'  change  in  the  losses. 

However,  one  should  not  forget  that  a  noticeable  error  in  angle  a^,  especially 
in  the  root  sections  of  the  diaphragm,  and  an  error  in  the  determination  of  the 
reaction,  can  lead  to"  a  perceptible  deviation  of  the  actual  angle  p^  from  that 
calculated;  therefore,  a  moving  cascade -should  operate  sufficiently  stably  in  a 
certain  zone  of  variation  of  the  entrance  angle.  With  a  supercritical  flow  in  a 
nozzle  cascade  there  takes  place  a  deviation  of  flow,’  in  the  slanting  shear  of  the 
cascade  channel. 

The  values  -of'  the-  .-low  rate  coefficient  for  a  nozzle-  cascade  strongly  affect 
the  determination  of  the  cascade's  dimensions,  (or  with  given  dimensions,  the  flow 
rate),  and  .also  the  degree  of  reaction.  For  a  number  of  turbine  cascades the  flow 
rate  coefficient  can  be  taken  on  the  basis  of  the  aerodynamic  characteristics  or, 
even  better,  on  the  basis  of  tests  of  actual-  annular -cascades. 

An  Investigation  of  an  actual  diaphragm,  which  was  conducted  at  MEI  in  super¬ 
heated  steam,  showed  ah  approximate  coincidence  with  the  results  of  investigations 
of  this  diaphragm  in  air.  Of  much  interest  was  the  clear  dependence  of  the  flow 
rate  coefficient  on  the  Re  number,  which  was  obtained  in  this  experiment. 

In  a  welded  diaphragm  with  a  TC-2A  nozzle  cascade  having  the  following 
dimensions  —  mean  diameter  *100  mm,  nozzle  height  1(8  mm,  profile  chord  52  mm,  with  a 
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variation  of  Re  number,  calculated  with  respect  to  velocity  c„£,  from  2.9*10^  to 
.7*10'',  the  flow,  rate  coefficient  continuously  increases,  practically  linearly 
from  ui:  =  0.955  to  =.  ^.97,  i.e.,  by  1.5#.  .  : 

For  the  calculation  of  a  stage,  besides  the  characteristics  of  the  nozzle  cas¬ 
cade,  the  characteristics  of  the  moving  cascade  are  necessary. 

The  influence  of  two  additional  factors,  which  are.  isually  immaterial  for 
nozzle  cascades,  is  specific  in.  the  characteristics- .of  moving  cascades.  These 
factors  are  the  angle  of  entrrmce  to  the  working  cascade,  angle  p^,  and  the  overlap. 

A  change  of  angle  p^  undoubtedly  has  an  influence  on  the  reaction  of  the  stage. 
However,  as  will  be  shown  later,  different  views  on  the  character  of  the  direction 
and  the  use  of  the  velocity  of  entrance  to  a  moving  cascade  do  not  give  an  essential 
difference  in  the  determination  of  .the  change  of  reaction  under  varying,  operating 
conditions  of  a  stage. 

The  necessity  of  calculating,  the  influence  of  all  side  factors  with  the  Help 
of  a  correction  factor  is  obvious;  This  correction  factor  must,  also  include  the 
influence  of  periodic  instability  on  the  entrance  to  a  moving  cascade. 

Thus,  in  calculating  a  stage,  one  should^ introduce  the  magnitude  of  losses 
in  the  moving  cascade  with  -the  following,  formula: 

(65)' 

where  £‘|'n  are  losses  obtained  as  a  result  of  testing  fiat  moving  cascades; 

1c  is  a  coefficient  that  considers  the  influence  of  flare,  ^overlap,  and  the 
-  technology  and  accuracy  of  manufacture. 

ka  1.1  to  i.lt. 

For  calculating  a  stage,  one  should  know  the  angle  of  exit  from,  the  moving 
cascade,  pg.  Everything  stated  above  with  respect  to  angle  can  also  be  referred 
to  angle  P2.  Both  for  the  nozzle  cascade,  and  also  for  the  moving  one,  the  deter¬ 
mination  of  the  cascade  area  or  flow  rate  should  be  performed  not  with  respect  to 
angle  pj,,  but  according  to  measurements  of  the  minimum  cross  section  of  the  cascade 
or  with  drawings-. 

Tf  there  are  no  experimental  data,  the  calculation  may  include  the  so-called 
effective  angle  (see  Chapter  I) 


P»  — P»**  ~  arcsin  If- . 
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Under  supercritical  flow  conditions  and  With  a  subsonic,  entiJanoo  to  the 
cascade,*  one  should  consider  the  deflection  of  flow  in  the  slanting  shear  of  the 
channels  of  the  moving  cascade.  » 

For  the  moving  cascade,  it  is  necessary  to  consider  the  influence  of  velocity, 

i.e.,  the  ii  number,  which  is  given  in  the  aerodynamic  characteristics  of  the 
"2  *  ' 

cascades. 

Unfortunately,  the  materials  on  flow  rate  coefficients  in  moving, cascades  u2, 
specially  for  actual  conditions  (in  annuls  cascades  and  high  inlet  turbulence), 
are  still  very  limited  (see  §  9).  At  the  same,  time,  the  Influence  of  the  flow  rate 
coefficient  p2  on  the  stage’s  reaction  is  very  great,  and  its  influence  0.1  the  area 
of  the  moving  and  nozzle  cascades  is  very  great  throughout  the  reaction.  The  in- 
fluence‘;.Qf  -ii2  on  stage  efficiency  is  insignificant  and  shows  up  only  indirectly 
on  the  steam  leakage,  which;  is  determined  by  the  reaction  of  the  stage.  The  influence 
of  the  reaction  on  steam  leakage  is  discussed  in  the  following  paragraph. 

In  the  absence  of  experimental  data,  the  stage  calculation  should  include  the 
value  of  the  flow  rate  coefficient  p_2  =  0.95  (for  gases  and  superheated  steam). 

The  Order  of  Calculation  of  a  Stage 

After  the  selection  of  cascades  and  calculation  of  their  dimensions,  the  stage 
is  calculated,  which  includes  the  determination  of  the  reaction  and  efficiency. 

1.  Reaction  of  stage  p.  For  calculated  stage  conditions  or  conditions  that  in¬ 
significantly  deviate  from  calculated- conditions,  i.e.,  at  the  angle  of  entrance  to 
the  moving  cascade  and  especially  with  the  velocity  ratio  u/c  which  are  in 
the  optimum  zone,  the  stage  reaction  can  be  determined  with  .the  formulas  and  graphs 
of  the  preceding  paragraph.  For  steam  leakages  in  a  stage,,  which  vary  the  magnitude 
of.  p,  the  stage  reaction  should  be  accurately  found  by  using  the  materials  of  the 
following  paragraph.  If  the  flow  in. any  of  the  cascades  is  supercritical,  the  stage 
reaction;  is  determined  only  by  means  of  a  detailed  calculation  of  the  stage  from  its 
final  istatc.  An  example  of  such  a  calculation  is  given  in  [82], 

Fo"  determining  the  reaction  of  a  stage,  it  is  necessary  to  know  the  calculated 
areas  of  the  cascades,  F^  and  Fg.  The  outlet  areas  of  the  cascades,  if  they  were 
not  determined  beforehand,  may  be  found  with  the  following  formulas: 

f ,  «  dll  sin  a,  ,4, 

and 

F t~  ~ dL  sin  p. )*,• 

’Supersonic  velocities  of  entry  into  a  cascade  are  considered  in  §  8. 
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(66) 


Furthermore,  it  is  necessary  to  know  the-  pressure  ratio  in  the  nozzle  cascade, 
el  =  VPo'  ^  the  first  approximation  it  is  «  e  *  Pj/Po*  after  determining 
p  the  value  of  is  accurately  determined,  and  then  (the  "second  approximation)  the 
reaction  p  Is  found  again. 

For  small  stage  reactions  it  is  possible  to  use  the  approximate  formula 

*i=»— -ss«  +  «(l  — *).  (67c) 

r0 

For  a  Calculation  of  the  reaction,  it  is  necessary  also  to  know  the  magnitude 
of  the  velocity  coefficient  in  the  nozzle  cascade,  <p,  which  should  be  determined 
depending  upon  e1 . 

2.  Relative  blade  efficiency.  The  :relative  blade  efficiency  or,  as  it  is; 
frequently  called,  the  rim  efficiency,  rj  ,  considers  the  cascade  losses,  including  the 
losses  at  the  entrance  to  the  cascades,  losses  connected  with  overlaps,  the  axial 
clearance  between  cascades  and  the  interference  of  the  cascades,  ,and  losses  -with 
outlet  velocity. 

The  efficiency  q0JJ  can  be  determined  with  the  help  of  velocity  triangles  and 
analytically,  with  formulas.  The  determination  of  q0J1  by  means  of  integral  curves 
obtained  as  a  result  of  investigating  stages  in  experimental  turbines  is  considered 
in  Chapters  IV  and;  IX. 

In  connection  with  the  fact  the  literature  references  contain  different  con¬ 
cepts  of  stage  efficiency,,  or  to  be  more  exact,,  available  energy.,  it  is  necessary 
to  indicate  which  efficiencies  our  discussion  will  include.  Following  A-.  V. 
Shcheglyaycv  ],  by  the  available  energy,  of  a  stage  we  shall  Imply  the  following 
quantity: 


-f-  hf 


where  0  s  $=  s  1  is  the  utilization  factor  of  the  kinetic  energy  of  the  outlet 

ov 

p 

velocity,  hsc  =  c£/2. 

Rolow,  based  on  the  results  of  an  investigation  of  stages  in  an  experimental 
turbine,  we  shall  consider  two  extreme  cases: 

1.^  =  0,  E9**^+h9. 

Then  the  stage  efficiency  is  designated  V"  r)0J], 
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2*  tr*ii 

-  ,  -  * 

Then  the  stage -efficiency  is  designated  as  Tj0fl. 

The  interconnection  of  rj*0fl  and  tj  gji  is  given  by  the  formula 


We  calculate  the  3tage  efficiency  tj  with  respect  to  the  balance  of  losses 

%,».! — (6$ 

’  *.+#* 

and  for  a  control  of  the  stage  efficiency,  with  respect  to  the  circular  components 
of  velocities 


_  ...  +  f,  «*•,)  /rrny 

^ - i55T(A.  •  (10] 

In  the  use  of  the  outlet  velocity,  we  determine  tj  ojj  with  formula  .(68). 

It  is  possible,  without  detailed  calculations  and  construction  of  velocity 
triangles,  to  estimate  the  efficiency  of  an  action-rtype,  stage,  tj  0JJf  in  design  con¬ 
ditions  on  the  basis  of  the  known  basic 
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characteristics.;  In  the  first  place,  it  is 
necessary  to  know  the  velocity  ratio  u/c^ 
and  the-  velocity  coefficient  of  the  nozzle 
cascade  <p.  For  this  estimate  it  is  possible 
to  use  the  calculated  graph  in  Fig.  59.  It 
gives,  the  dependence  of  stage  efficiency 


tj  ojj  on  the  velocity  ratio  u/c^ 


and-  the 


m  '  "  T  f  I  calculated  reaction  on  the  mean  diameter  p  . 

1*  it  w  i/  ibl/c!  The  eraph  was  constructed  for  velocity,  coef- 

Flg.  59.  Dependence  of  the  efficiency  ficients,  of  ^  =  O.96,  f'**  0.90,  cos  =  0.97 

tj0J)  of  a  single  stage  on  the  velocity 

ratio  u/cx  and  the  mean  reaction  0  and  cos  ^2  ” 


ratio  u/c  ^  and  the  mean  reaction  p 
when:-  <p  =  0,97)  i>  -  O.90,  cos  = 

=  0.97,  cos  P2  =  0.90. 


It  is  interesting  to  note  that  on  the 
three  curves  of  this  graph,  which  were  cal¬ 


culated  for  different  values  of  the  mean' reactions,  i.e.,  pcp  =  +0.1,  pCp  =  0,  and 

p  =  -0,1,  the  maximum  value  of  efficiency  turns  out  to  be  the  biggest  during  a 
cp 

negative  reaction.  This  is  connected  with  the  fact  that  the  velocity  coefficients 
were  assumed  to  be  li. dependent  of  the  reaction  and  the  velocity  coefficient  of  the 


nozzle  cascade  was  assumed  to  -be  greater  than  that  In- "the  moving  one,  .9  >  Thus, 

as  the  reaction  decreases,  an  increase  of  the  drop  to  a  more  economic  casca.de  leads 
to  ah  increase  in  efficiency.  If  9  and  ^  are  identical  or  close,  the  influence  of 
p  bn  ^  'is  practically  imperceptible  in  the.  calculations.  . 

For  other  values  of  <p*  f  -,  a1>,  and  02,  in  addition- to  the  graph  in -Fig.  5 9>  the 
following  formula,  which  accurately  determines  the  value  of  ij  -  ,  should  be  used. 

v=(u(,+ia+^l+J^t+J^sa:L).  <n] 


Varying  Performance  of  a  Stage 

Variation  in  the  performance  of  a  stage  can  be  reduced  to  the  variation  of 
three  characteristics:  u/c^,  e>  Re. 

The  influence  of  Re  number  is  considered  in*  §  18.  In  the  calculation  of  a 
stage,  the  change  of  the  Re  number,  may  be  considered  if  we  know  the  characteristics 
of  the  cascades  investigated  under  conditions  close  to  actual.  In  most  cases  it  is 
first  necessary  to  assume  that  the  stage  operates  in  a  self-similar  region,  i.e., 
that  the  Re  number  practically  does  not  affect  the  characteristics  of  the  stage. 

In  turbines  with  constant  speed,  the  quantities,  e  and  u/c^  are  interconnected: 
if  e  changes,  there  is  a  simultaneous  change  of  u/c^.,  Since  usually  during  varying 
performance  of  a  turbine  the  temperature  of  the  gas  .before  -the  stage  varies  insignifi 
cantly,  the  change  of  x^  =  u/c^  way  be  expressed  through  the  change  of'  .e: 


,  / 

where  'the  subscript  0  corresponds  to  design  performance.  At  variable  temperature, 
formula  (62)  lias  a  somewhat  different  form: 


-  1/  1  -  !i  *  1/ Z>» 

V  ,  yr  r-' 


For  singe::  with  constant  speed  and  constant  initial  temperature,  graphs  must 
be  constructed  bo  illustrate  the  efficiency  of  the  reaction  and  the  relative  flow 
rate,  depending  upon  u/c^  or  depending  upon  e.  However,  such  a  graph  will  not  be 


universal,  since  various  stages  at  the  same  e  can  have  different  ratios  u/c^. 
Consequently,  this,  graph  will  correspond  to  a  stage  not  only  with  specific  geometric- 
characteristics,  but  also  with  specific  physical  parameters? 

Hence,  it  is  clear  that  it.  is  preferable  to  construct  a  dependence  of  the 
basic  characteristics  of  a  stage  for  e  *  const  and  u/c  ^  <=  var  and  have  a  series; 

of  curves  for  different -e .  in  most  cases,  stages  are  investigated  in  experimental 


turbines  in  the  same  manner. 

Having  such  a  universal  graph,  for  a  specific  stage  in  accordance  with  its 
computed  values  of  u/c^  and  e,  it  is  easy  to  reconstruct  the  series  of  curves  into 

one,  where  t)0„  and  p  are  functions  of  only  one 
quantity  (u/c ^  or  e)  .  Figure  60  illustrates  the 
primary  and  final  graphs  of  efficiency  for  one 
stage.  The  thin  lines  correspond  to  various  ex¬ 
periments  that  were  conducted  with  e  =  const  and 
n  =  var  in  a  range  from  e  =  0.8  tp  e  =  0.6.  The 
heavy  curve  denotes  the  recalculation  of  these 
experiments  for  n  =  3000  rpm  =  const,  u  =  204  m/sec, 
and  initial  parameters  p0vQ  =  300  kj/kg. 

It  is  interesting  to  note  that  the  resultant 
curve  when  n.  =  const  is  essentially  steeper  than 
wheri  any  e  =  const,  and  the  optimum  ratio  u/c^ 
Increased  from  (x^)^  **  0.45-0.47  to  (x^^n,,  =  0.5 


Fig.  60;.-  Dependence  of  stage 
efficiency  on  velocity  ratio 
u/Cfj,  according  to  results  of 

experiments  in  a  test  turbine 
for:  n  =  var- and  e  =  const  — 
(thin  lines);  n  =  const  (t  — 
heavy  lino ) . 


when  n  *  const. 

The  same  series  of  igraphs  of  q 


0JT 


depending 


upon  1:  arid  x 


is  also  constructed  for  a  turbine  with  a  variable  speed,  where  n 


and  hQ  are  iriterrelated. 


If  the  efficiency  of  a  stage  during  varying  performance  is  determined  not  by 
the  results  of  investigations  in  an  experimental  turbine,  but  by  means  of  calculation 
it  is  necessary  to  know  the  dependence  p  =  f^u/c^,  e). 

Lot  us  find  a  dependence  that  would  allow  us  to  estimate  the  variation  of  i 
stage's  reaction  (a  formula  is  derived  for  the  case  of  subcritical  flow  in  the  cas¬ 
cades  of  a  stage,). 

From  the  continuity  equations  for  the  outlet  sections  of  nozzle  and  moving  cas¬ 


cades  during  calculated  and  varying  performance,  we  will  obtain: 
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The 

dependence  of  A  and  B  on  x  ^  and  9  cos  a^-  -  P0  is  Given  in  Fig.  5i. 

, 

1  0 

For 

V 

a  rougher  estimate  of  the  reaction  variation,  the  following  formula  may 

j 

*  \ 

be  used:. 

V 

.  | 
i 

IS  ■ 

(7H)  • 

!f 

i 

*;  | 

and  for 

small  changes  of  Ax  ^  the  formula  may  be  further  simplified: 

i  i 

>  t 

•“*»  **• 

(75) 

i , 

i 

It  is  interesting  to  note  that  an  analogous  deri¬ 
vation  of  the  -formula  for  the  reaction  variation,  which 
was  performed  earlier  [83]  on  the  assumption  of  using 
not  the  velocity  w^  in  a  moving  cascade,  but  only  its 
component  directed  at  the  design  angle  of  entrance  p^ 
gave  practically  the  same  result. 

Let  us  derive  a  formula  for  the  reaction  variation 
when  u/c^  =  const  and  .e  =  const,  and  the  variation  of 
the  area  ratio  f  =  F^/Fg  from  the  rated  value  of  fQ  = 

=  (  Vf2V 

The  continuity  equation  will  ve  written  in  the 
following  form: 


Fig.  61.  Graph  of  the 
dependence  of  A  and  B 
on  x0  and  *cos  a,  Kl— e» 

(for  computing  the  vari¬ 
ation  of  the  reaction  of 
a  stage. 


where 


*11 


-We  shall  designate  p  =  pQ  +  Apf,  f  =  fQ  +  Af ,  and 
,  o  o 

we  shall  assume  that  f  =  fQ  +  2fQAf .  Then,  by  analogy 
with  the  derivation  of  formula  (73),>  we  will  obtain: 


„  A/ 

l  —  C.  ”  K/  I*  * 


(76) 


f*-l  + 


«  +  • 


iff  co»a. 


f  *  (I  -  «•)  +  —  2?  a,  4-  c, 

The  coefficient  Kf  =;  0.53  to  i.O  and  depends  mainly  on  the  value  of  x^,  and 
decreases  an  it  increases. 

At  0  -constant  velocity  ratio,  a  decrease  of  e,  i.e.,  an  increase  of  the  heat 
drop  in  the  stage,  loads  to  an  increase  of  the  stage's  reaction.  This  important 
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conclusion,  which  was  noted  in  [83]  in  1955  and  repeatedly  confirmed  by  experiments 
on  a  test  turbine  at  MEI,  is  almost  never  used  during  the  calculation  and  design 
of  stages,  especially  regulating  ones.  When  applying  one  cascade, -combination  or 
another,  and  in  particular,  standard  combinations  of  double  velocity  stages,  that 
fact  is  not  taken  into  account  that  the  stage’s  reaction  under  other  conditions  may 
be  essentially  different.  It  should,  be  added  that  a  change  of  the  pressure  ratio  in 
the  stage  leads  to  a  change  of  the  stage’s  reaction  also  due  to  the  influence  of  the 
M  numbers  on  the  coefficients  of  velocity  and  flow  rate.  For  a  quantitative  calcu¬ 
lation  of  the  influence  of  e,  it  is  necessary  to  perform  a  detailed  calculation  of 
the  stage  with  the  Use  of  the  complete  aerodynamic  characteristics  of  the  cascades. 

Figure  62  shows  the  calculated  dependence  of  the  reaction  variation  and  ex¬ 
perimental  data  obtained  in  an  investigation  of  stage  K.H-2-3-A  for  mean  diameter 

d  =  4  00  mm  and  nozzle  height  l ^  =  48  mm. 
Tests  of  this  stage  were  conducted  in 
an  experimental  steam  turbine  at  MEI. 

The  reaction  was  measured  at  the  vertex 
and  at  the  root  of  the  cascade;  As  can 
be  seen  from  a  consideration  of  Fig.  62, 
the  calculation  with  formula  (74)  gives 
sufficiently  good  coincidence  with  the 
experiment  for  different  pressure  ratios 
and  Re  numbers  in  the  stage. 

It  should  be  indicated  that  in  this 
case  there  were  no  steam  leakages  into 

Fig.  62.  Variation  of  stage  reaction  the  °Pen  clearance  on  the  root  diameter 

I  ■  depending  upon  Ax/xQ  in  the  root  of  the  stage  (or  they  were  no  more  than 

and  peripheral  sections  of  stage  MEI  5.7$)/  and  over  the  blade  shroud,  owing 

KA-2-3A:  line  —  calculation  according 

to  formula  (?4);  points  of  MEI  experi-  to  good  sealing,  the  leakages  were  small, 

monts  for  different  e,  Re  (p2  =  const), 

and  Many  other  experiments  confirmed  an 

approximately  linear  dependence  of  p  = 

=  f  (u/c  $  )  • 

Example  of  stage  calculation: 

Before  the  beginning  of  the  investigation  stage  KJI-2-2-A  in  an  experimental  tur¬ 
bine  having  MEI  TC-2A  and  1T-2A  cascades,  mean  stage  diameter  534  mm,  height  of 
ni_:v.lo  cascade  ?r)  mm,  and  height  of  moving  cascade  28  mm,  a  calculation  of  the  stage 


Fig.  62.  Variation  of  stage  reaction 
I  ■  depending  upon  Ax/xQ  in  the  root 

and  peripheral  sections  of  stage  MEI 
KH-2-3A:  line  —  calculation  according 
to  formula  (74);  points  of  MEI  experi¬ 
ments  for  different  e,  Re  (p^  =  const), 

and  AG. 


was  performed. 


The  reaction  of  the  stage  was.  determined  by  means  of  the  formulas  and  graphs 
of  this  and  preceding  paragraphs.  Since,  the  relative  magnitude  of  the  clearance  in 
the  seal  of  the  blade  shroud  Was  not  so  small  that  we  could  disregard  3team  leakage 
and  its  influence  on  the  reaction,  the  latter  was  considered  specially,  by  a  method 
considered  , -in  the  following  paragraph. 


a  b 


c  Fig.  63.  Graphs  of  the  dependence  of  losses  p  of 
angle-  p^  on  the  velocity  ratio  u/p^  and  the  pres¬ 
sure,  ratio  e  by  means  of  calculation  of  stage 
KB-2-2A:,  a  —  main  "losses  C  c  »  Sjj*  CB0;’  b  “ 

p^  when  e  =  0.5  and  0.7,  and  also  additional  losses 
when  s  *=  0.5. 

Figure  63  shows  the  losses  in  the  nozzle,  and  moving  cascades  arid  the  losses 
with  the  outlet  velocity  with  respect  to- the  available  heat  drop  of  the  stage..  These 
graphs  were  constructed  by  the  above-described  method,  whereby  the  losses  in  the 
nozzle  cascade  we  found  directly  from  the  results  of  tests  of  an  actual  diaphragm, 
while  the  losses  in  the  moving  cascade  were  obtained  from  the  aerodynamic  charac¬ 
teristics,  taking  into  account  the  correction  factor  kjj  =  1.1. 

These  graphs  were  constructed  for  various  pressure  ratios  e  =  0.7  and  e  =  0.5, 
where  it  is  distinctly  seen  how  the  losses  vary,  depending  upon  u/c^  and  e.  The 
graphs  of  efficiency  t}QJ]  =  f(u/c  ^  )  for  two  pressure  ratios  turned  out  to  be 

wov 

different.  If  the  maximum  efficiency  ti0J]  in  the  range  from  e  =  0.7  to  e  =  0.5  was 
almost  unchanged,  then  the  magnitude  of  optimum  u/c^  was  somewhat  decreased. 

For  e  =  0.7,  x(j)0nT  =  0.5,  and  for  e  =  0.5,  x^onT  =  0.54.  The  losses  in 
the  nozzle  cascade  when  e  =  0.7,  depending  upon  u/c^  vary  in  the  range  of  0.2  £ 

£  u/c ^  s  0.6;  hc/hQ  varied  only  from  9  to  7.4$.  The  pressure  ratio  in  the  nozzle 
cascade  varied  from  =  O.65  to  =  0,73,  i.e.,  it  was  in  the  zone  of  insignificant 
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influence  on  the  cascade  losses,  where  the  velocity  coefficient  q>  decreased  from 
0.961  to  O.958. 

When  e  =  0.5,  a  variation  of  u/c^  from  0.2  to  0;6  corresponds  to  a  variation 
of  from  0.45  to  0.59;  due  to  this,  there  took  place  an  increase  of  the  velocity 
coefficient  «p  from  0.941  to  O.959.  Taking  into  account  the'  fact  that  at  small 
U/C‘<J).  bhe  hrop  in  the  nozzle  cascade  is  larger  (less  than  p),  the  relative  magnitude 
of  these  losses  hc/hQ  decreases  from  12.4  to  6;6£,  i.e.,  almost  twice. 

The  velocity  coefficient  in  the  moving  cascade  f  varied  very  little,  since  the 
number  for  the  moving  cascade  was  almost  constant,  and  thus,  $  is  influenced 

2 

mainly  by  the  inlet  angle  p^.  The  graph  in  Fig.  63b  shows  the  change  of  the  angle 
p^  depending  upon  u/cj,  and  e.  It  depicts  the  zone  of  optimum  angles  p^  for  the 
given  cascade,  and  consequently,  the  zone  of  the  highest  coefficients 

A  comparison  of  the  results  of  the  calculation  of  this  stage  with  the  experiment 
is  shorn  in  Fig.  64.  Inasmuch  as  the-  experimental  efficiency  of  a  stage  includes, 

besides  the  above-mentioned  losses,  also 
losses  due. to  friction  of  the  disk  and 
shroud  against  the  steam  and  the  losses 
due  to  steam  leakage  over  the  shroud,  such 
a,  comparision  could  be  performed  only 
after*  calculating  -these  additional  losses* 
(see  Fig.  63b). 

The  graph  in  Fig.  .64  showed  a  good 
coincidence  of  the  calculation  and  the 

Ojf  07  0.75  03  ops  OH  Ops  as  0,55 u/c*  experiment  that  was  conducted  in  the  experi- 

Fig.  64 .  Graph  of  the  dependence  of  mental  steam  turbine,,  not  only  with  respect 

efficiency  qQi  on  the  velocity  ratio 

u/c  i  accordin/r  to  experiments  in  an  max^'num  efficiency,  but  also  depending 


HESSE 


OPS  07  07S  op  ops  on  Ops  OP  0.55  u/c , 

Fig.  64 .  Graph  of  the  dependence  of 
efficiency  qQi  on  the  velocity  ratio 

u/c^  according  to  experiments  in  an 

MEI  test  turbine  for  stage  K£-2-2A, 
d  =  534  mm,  =  25  mm;  lg  =  28  mm; 

calculated  data  —  lines:  -  solid) for 

t  =  0.7; - broken  foi  e  =  0.5; 

experimental  data  —  points:  A  -  for 
e  =  0.7,  *  —  for  e  =  0.5. 


upon  u/c  g,  and  e,  which  is  very  important. 


§  12.  CALCULATION  OF  ADDITIONAL  LOSSES' 
The  above-considered  relative  blade 
efficiency  q  docs  not  cover  all  the 


losses  in  a  stage.  In  a  stage  there  appear  additional  losses;  taking  into  account 
these  losses,  the  coomomy  of  the  stage  is  estimated  according  to  the  relative  internal 
o  f f i c i oncy 

'•Tin'  method  of  determining  the  frictional  and  leakage  losses  is  given  in  the 
following,  ijoclion. 
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In  a  stage  with  complete  gas  supply,  the  additional  losses  are  connected  with 
the  following  phenomena: 

a)  friction  of  disk  against  gas  £  j 

b)  friction  of  shroud  of  moving  blades  against  gas  g; 

c)  leakage  past  nozzle  cascade  (leakage ^through  diaphragm  sealing)  5  • 

d)  leakage  or  suction  through  peripheral  clearance  Cy2> 

e)  leakage  or  suction  through  root  clearance,  of  stage  £  ^ 

-Disk  Friction 

In  the  literature  [119,  126,  and  131*  ]  there  are.  many  materials  that  theoretically 
and  experimentally  consider  the  frictional  losses  of  a  revolving  disk. 

A  problem  concerning  disk  rotation  is  considered  theoretically.  A  disk  with 
diameter  d  revolves  with  angular  velocity  o>  in  a  closed  chamber.  The  distance  from 
the  lateral  surface  of  the  disk  to  the  chamber  wall  is  s. 

During, rotation  of  the=disk,  particles  of  fluid  that  adhere  to  the  disk  are 
^attracted  by  it,  and  then  ejected  to  the  periphery,.  In  the  closed  chamber  there 
occurs  a  meridional  flow  of  -steam. 

The  moment  of  friction  of  both  lateral  surfaces  of  the  disk  is  equal  to 

•M»c^.i«r-23£[n.»i.  (78) 


Considering  the  density  of  the  fluid  on  both  sides  of  disk  to  be  identical,  we 
obtain  the  determination  of  M,  which  means  that  the  frictional  losses  depend  only, 
on  the  magnitude  of  the  coefficient  C 


Tp 

Theoretical  and  experimental  investigations  showed  that  the  coefficient  C 


Tp 


depends  mainly  on  two  characteristics:  the  Reynolds  number  Reu  =  ud/v,  where  u 
=  udn/60,  and  the  relative  clearance  s/d.* 

For  Conditions  I,  i.c.,  completely  laminar  flow  in  the  clearance  [±3k], 


*In  the  zone  of  raised  roughness  —  also  on  the  relative  roughness  of  the  disk 
surface. 
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For  Conditions  II,  I.e.,  laminar  flow  on  walls  of  disk  and  stator,  but  with 
constant  velocity  between  these  two  layers  [134.]-  with  an  infinitely  large  gap  s  -»  ro, 

Cm*  —  3,68  Re"'/* . 

For  Conditions  III,  i.e.,  turbulent  flow  [154], 

C„  =  0,0622  (s/d)-'/1  Re-'/'. 

For  Conditions  IV,  i.e.,  turbulent  flow- with  separation  of  boundary  layer, 
encountered  at  large  Reu  numbers: 

C^  =  0,096  Re-'*. 

The  use  of  these  theoretical  formulas  requires  an  experimental  check  and  a  deteiv 
minatlon  of  the  bounds  of  the  conditions. 

Experiments  [134  ]  showed'  that  bounds  of  the  conditions  depend  on  Reu  and  s/dr; 

At  the  Reu  numbers  and  s/d  that  are  practically  encountered  in  steam  and  gas 
turbines,  wd  are  concerned  only,  with  .Conditions  III  and  IV,  and- taking  into  account 
the  actual  flow  in  turbine  stages,  when  there  takes  place  leakage  through:  the  dia¬ 
phragm  seal,  only  Conditions  IV. 

For  Conditions  IV,  Daily  [134]  gives  the  following  empirical  formula: 

Cm,  =  0.0102  (s/d)V..  Re,-v. .  (79 ) 

Converting  the  formula  for  the  moment  M,  we  will  obtain  an  expression  for  the 
power  expended  due  to  friction: 

(8°) 

nd  n  , 

whore  u  -  — m/soc,  dK  is  given  in  m,  and  v^  is  in  nr/kg, 

B  *=  0,2  (s/dK)'/» Re„“'A .  ( 8l ) 

The  relative  magnitude  of  frictional  losses  £Tp  will  be  found  in  the  following 


After  approximately  replacing  Gv^  *  F.jd'j-,  iand  considering  that  dx  =  d  - 


we,  will  obtain: 


where  F^  is  the  outlet  area  of  the:  nozzle  cascade. 

Figure  65  presents  a,  graph  for  B  =  f(s/dR  ,  Reu)_.  m  the  zone  actual  Reu 
numbers  and  s/dK  for  steam  turbines,  the  coefficient  B  varies  from  0.5-10"2  to 


1.5*10  . 

It  is  obvious  that  In  reality  the  friction  of 

turbine  disks  will  also  be  influenced  by  the  surface 

roughness  of  the  disk.  Therefore,  the  proposed 

formula  is  approximate*  but  it  is:  better  to  use 

this  substantiated  formula  than  purely  empirical 

dependences,  or  more  complicated,  but  not  more  exact, 

formulas  [if  8,  117,  157]. 

Disk  friction  does  not  occur  over  the  entire 

surface  ird^/4,  but- over  the  surface  ^(d2H  -  dBT), 

fit*  «}*’  *'  ?»’  w.  where  dBT  is  the  boss  diameter.  If  into  the  formula 

Fig.,  65.  Dependence  of  coefr  for  disk-friction  losses  we  introduce  an  accurate 
ficient  B  on  Reu  and  s/dK  for 

computing  the  losses  of  disk  determination,  the  coefficient  CTp  must  be  multiplied 
friction  against  steam.  .  ,ho  M  /*  \5,. 
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Fig.,  65.  Dependence  of  coefr  for  disk-friction  losses  we  introduce  an  accurate 
ficient  B  on  Reu  and  s/dK  for 

computing  tile  losses  or  disk  determination,  the  coefficient  C?p  must  be  multiplied 

friction  against  steam,  by  the  ,Sdntlty  [±  ,  (4^  )5);  thlo  tactor  diffors 

little  from  unity  (when  dB1/dK  =  0.5  it  is  equal  tp  0.97)  and  it  may  be  disregarded. 

More  important  is  the  presence  of  free  cylindrical  and  conical  surfaces  on  the 
disk  crown,  which  increase  the  frictional  losses.  With  the  formula  proposed  by 
O'.  Flugel  and  converted  by  analogy  with  (71),  we  obtain  an  additional  frictional  loss: 


o,22  (aim  )’<£]£* -£-  k» 


where  £b  is  the  total  length  of  the  free  cylindrical  surfaces  of  the  dirk. 

Frictional  Losses  of  the  Outer  Shroud  Surface 
Those  losses  can  bo  determined  with  the  same  formula  which  was  used  for 
frictional  losses  of  the  cylindrical  surface  of  a  disk.  However,  in  distinction 


from  the  disk,  the  surface  of  the  shroud  cannot  be  hydraulically  smooth;  therefore, 
the  numerical  coefficient  in  the  formula  for  should  be  increased.  We  shall 

assume  that  it  is  equal  to  6-10^.,  Then 


,6.10 
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(86) 


Here  dg  ■=  d  I?  is  the  shroud  diameter  and  bg  is  the  axial  width  of  the  :shroud 
(for  a  double-rim  disk,  the  width  of  the  shrouds  of  two  moving  cascades  is 
summarized). 

In  order  to  illustrate  the  values  of  the  total  frictional  losses  in  a  stage 
(friction  of  disk  and.  shrouds).  Fig.  66  shows  a  graph  of  the  calculated  losses 

STp  +  ?Tp  +  ?Tp.6  for  a  BK-50  turbine  (fer 
turbine  calculation,  see  [126,]). 

Leakage  Through  Diaphragm  Seal 
In  a  turbine  stage  a  certain  quantity  of 
the  working  medium  G  ^  inevitably  flows  past 
the  nozzle  cascade.  Not  considering  the 
possibility  of  gas  suction  into  the  moving 
cascade  and  the  influence  of  this  suction  on 
the  economy  of  the  stage,  we  snail  consider 
-that  G  y  1  is  lost  and  does  not  participate 
in  the  creation  of  net  output.  Then  the 
losses  connected  with  thiq  leakage  will  be 
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equal  to 


i»'*t 


^  ^  IT  n. 
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Taking  into  account  the  relatively  small  magnitude  of  — we  shall  find 


approximately  C  y  ^  [126]: 


►  _  Hv  L 

**  »*.  'Fi.VTy  » 


(88) 


Hero  Fy  =  ndy  6y  is  the  annular  area  of  the  clearance,  F^  is  the  area  of  the 
nozzle  cascade,  Zy  is  the  number  of  clearances  (strips)  of  the  seal,  »  0.97  is 
the  Cli w  rate  coefficient  in  the  nozzle  cascade,  and  Uy  is  the  flow  rate  coefficient 
In  the  seal  cLcnrnncc.  It  may  be  taken  from  the  MEI  experiments  [97].  The  dependence 


of  |t  y  on  tin  shape  and  Mincnsions  of  the  clearance  is  represented  in  Fig.  67a.  If 


-ljJf- 


the  seal  completely  decreases. the  speed  after  every  clearance  (stepped  or  branched 
seal),  then  ky  =  i.  For  a  direct-flow  seal  it  is  possible  to  use  the  formula  of 
Q.  S. -Samoylovich  [82]  or  Fig.  67b. 


67.  Coefficients  for  calculation  of  stage 
leakage:  a  —  flqw  rate  coefficient  p.y  through 

labyrinth  seal,  clearance  depending  upon  shape 
and  dimensions  of  clearance  (MEI  experiments! ; 
b  —  correction  factor  ky  for  direct-flow  laby¬ 
rinth  seal  depending  upon  the  ratio  6/s  (where 
s  is  the'  seal  spacing);  c  —  dependence  of  the 
ratio  of  flow  rate  coefficients  Pa/hp»  during 

leakage  through  axial  and  peripheral  clearances, 
on  the  overlap  Aln  when  =  il°3o’  ^experi¬ 
mental  data  of  TsKTI) . 


The  detailed  investigations  of  labyrinth  seals  that  have  appeared  recently  [lM t 
for  calculating  stage  efficiency  are  of  no  use  in  view  of  the  smallness  of  the  losses 
£  y  1>  and  also  a  rough  estimate  of  it  is  useless  due  to  the  inaccuracy  determining 
the  clearance  6y  during  operation. 
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Leakage  or  Suction  Through  Peripheral  Clearance 

The  influence  of  leakage  through  the  periphral  clearance  near  moving  blades  on¬ 
stage  economy  was  noted  very  long  ago.  Even  in  the  well-known  KhTGZ  graphs  [117]  for 
determining  the  efficiency  of  stages  there  were  corrections  for  the  magnitude  of 
the  banding  clearances;  in  1941,  Hchtaann's  experiments  [143]  on  an  experimental 
turbine  obtained  a  change  in  stage  efficiency  that  depended  upon-  the  clearance. 

During  leakage  of  steam  past  moving  blades  there  is  a  change-  in  the  reaction 
of  the  stage.  The  effect  of  leakages  on  the  reaction  was  discussed  in  detail  in 
the  book  by  Cr.  S.  Samoylovich  and  B.  M.  Troyanovskiy  "Varying  Performance  of  Steam 
Turbines"  [83]  and  was  later  confirmed  by  experiments  at.  MEI  [29,  35,  100],  TsKTI 
[47]',  BITM'  [-5],  NZL  [48],  and  others. 

For  stages  with  nOnbanded  blades,  which  are  encountered  in  reaction  turbines, 
the  influence  of  peripheral  leakage  was  studied  by  many  researchers  [47,  49,  96, 
and  others]. 

O  ' 

In  principle,  in  a  peripheral  clearance  there  can  appear  both  leakage,  and 
alsp  suction.  However-,  suction  will  occur  only  in  a  negative  and  a  zero  reaction 
B pn  the  periphery;  which  is>  possible  either  during  varying  performance  (with-  small 
u/c  ),  or  with  poor  stage  designing  (very  large  'The  usual  case  Is  that 

of  leakage. 

Let  us  consider  the  factors  that  influence  the  magnitude  of  this,  leakages  One 
of  them  is  the  reaction  on  the  periphery  (calculated,  i.e.,  without  leakage),  which 
depends  mainly  on  the  geometric  characteristics  of  the  stage:  Fg/F^  and  d/l ,  and 
the  design  parameters,  e  =  Pg/p0  811:1(3  u/c$  (the  influence  of  the  Re  number,  which 
tak  o  place  only  in  the  last  stages  of  condensing  turbines,  is  not  considered  here). 

For  cylindrical  blading,  we  shall  find  pn  by  the  formula 

e,~fc,  +  i.8(i-e^T-,  I89) 


whore  pCp  Is  found  according  to  the  data  in  the  preceding  paragraph  (see  Fig.  50).. 

Further,  leakage  depends  on  the  dimensions  of  the  clearances  shown  in  Fig.  -r(, 

i.e.,  (.lift  so-called  open  clearance  6  .  the  radial  clearances  6n  above  the  band  and 

a  P 

also  the  flow  rate  coefficients  through  these  clearances.  These  clearances  may  be 
reduced  to  an  equivalent  clearance: 


/ik+vfc 


Here  ^  is  the  flow  rate  coefficient  in,  the  radial  clearance:  according  to  Fig.  67a; 

kv  is  for  a  direct-flow  seal,  taken'  from  Fig.  67b; 

z_  is  the  number  of  radial  clearances: 

P  - 

p  is  the  flow  rate  coefficient  in  the  axial  clearance,  which  depends  on  the 
B  the  shape  and  magnitude  of  the  clearance,  the  overlap,  and  angle  a. . 

Unfortunately,  the  various  experiments  conducted  bn  experimental  turbines,  do 
not  give  clear  and  corresponding  recommendations  on  tht  quantity  u  .  Until  more 
reliable  experimental  material  is  collected,  it  is  possible  to  use  the  graph  in 
Fig,  Gjc  [6]'j  where  Pp  is  taken  from  Fig.  67a,  and  Aln  is  the  external  overlap  (see 
Fig,  4 7). 

In  the  first  approximation  it  is.  possible  to  assume  that  p_  *  0.8  and  p-  =  0.5. 

P  a 


V~k 


(90a) 


•arir 


Losses  due  to  leakage  over  the  band  of  a  moving, .blade  will  be  found  by  the 


approximate  formula 


Here  pn  is  the  actual  reaction  on  the  blade  periphery  which  is  determined 
•>"ith  leakage  taken  into  account.  It  may  be  found  on  the  graph  in  Fig.  68  [85], 
depending  upon  f.he- theoretical  reaction  p^,  which  is  calculated,-by  formula  (89), 


and  the  relationship 


However,  it  is  more  convenient  to  use  the  formula 

~  lt 
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where  X  y  =  f(d/l,  PCp)  is  represented  in  Fig.  ;69a. 


During  suction  through  the  peripheral  clearance  there  occurs  an  increase  of 
the  reaction,  some  stagnation  of  the  mailt  flow,  of  steam  passing  through  the  moving 

cascade,  and  a  disturbance  of  the  structure 
of  the  flow. 

If  we  consider  only  the  stagnation 
losses,  we  can  obtain  calculated  formulas. 

Let  us  assume  that  after  suction  of 
quantity  G  y  g  the  absolute  velocity  at 
the  entrance  to  the  moving  cascade  will  ;be 


Then,  with  the  momentum  equation. 


non,  -  mix 
ft+Vmf, 


Cl  =c, 


1  G  +  Gf*  *  e,  I  +  Gf)G  » 


tig.  68.  Determination  of  stage  p 
reaction  for  different  values  of  <t> 
taking  into  account  the  steam  leakage 
.Ln  clearances. 
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If,  by  Banka's  formula,. 


then 


1m  “  2  ( 1  +  *  -^)  (?cos  at  -  *«,)**, 
&  =  -  1m  ^  2  ( 1  +  f  ~jj|)  f  cos  a 


/ 1  si" 


X 


x  (‘ 


Q<> 


or 


( 1  4.  _jL\\  1  /  ~  ti'i 
wna,^  V  +  H  l -Ccp’ 


(9; 


Here  6  B  is  found  by  formula  (90),  but  with  another  value  of  (pa  «  0.8). 
pn,  Just  as  for  the  case  of  leakage,  will  be  determined  as  an  actual  quantity  in 
.Fig.  68. 

Formula  (9ff)  does  not  consider  the  disturbance  of  the  structure  of  the  flow 
during  suction;  furthermore,  it  also  does  not  consider  the  effect  of  ejection,  due 
to  which  sue*  1  ton  will  also  occur  and  when  pn  »  0.  However,  taking  into  account 
that  suction  is  rarely  encountered  over  a  band,  it  is  possible  to  limit  ourselves 

w  *  / 

to  n  calculation  by  formula  {9k). 
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Pig.  69.  Coefficients  for  calculating  leak¬ 
age  losses:  a  —  auxiliary  loss  coefficient 
Xy  of  steam  leakage  in  peripheral  clearance;. 

<b  —  coefficient  of  flow  rate through  relief 

holes  of  disks  depending  upon  s'd/t^  . 


(  ) 


Leakage  or  Suction  Through  Root  Clearance 

It  is  first  necessary  to  determine  whether  leakage  or  suction  is  taking  place. 

For  this  it  is  necessary  to  set  up  a  leakage  balance  in  the  stage,  depending  upon 

the  dimensions  of  the  stage  and  the  root  reaction. 

The  root  reaction  is  determined  by  the  geometric  characteristics  of  the  stage: 

mainly,  P^/I^  and  d \/l ,  and  the  design  parameters  u/c^  and  e. 

If  the  mean  reaction  p  is  determined,  which  can  be  done  from  Fig.  50,  the 

op 

root  reaction  is  found  by  the  formula 
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„  _  V  ca1  a,* _  ]j 

1.8 -hi//  ‘ 


After  that,  we  compose  equations  of  flow  rates,  which  are  common  in  the 
determination  of  axial  stress.  Depending  upon  the  leakage  balance  and  p  ,  we  deterr 
mine  the  direction  and  and  magnitude  of  leakage  through  the  root  clearance.  This 
calculation  involves  several  difficulties.  The  first  one  is  connected  with  the 
insufficiency  of  experimental  data  on  the  flow  rate  coefficients  in  a  root  clearance 
and  the  relief  holes  of  disks,  and  also  with  the  complexity  of  calculating  the 
pump  effect  of  a  disk  and  the  ejection  of  the  main  flow.  This  difficulty,  undoubtedly, 
is  temporary.  Already  now  there  are,  several  of .experimental  projects  at  LMZ,  MEI 
[8l],  and  TsKTI  [6],  which  provide  the  necessary  data  for  calculating,  the  leakage 
balance. 

The  second,  practically  insuperable,  difficulty  \ls  the  uncertainty  of  the 
clearance  dimensions,  e.g.,  the  root  and  diaphragm  seals.  Even  following  the  plant 
instructions  [105 1/,  in  certain  stages  the  root  clearance  can  vary  by  1^  to  2  times; 
in  diaphragm  seals  usually  it,  also  varies  by  1.5  to  2  times.  Practically,  during 
assembly  and  operation  this  variation  can  be  even  greater. 

It  should  also  be  taken  into  account  that  an  inaccuracy  (even  within  the  limits 
of  the  plant  allowances)  in  the  manufacture  of  stage  cascades,  which  leads  to >change 
of  the  ratio  of  areas  F^/F^  by  ±4$,  will  cause  a  change  of  the  reaction  (Including  the 
root  reaction)  by  [83-]. 

It  follows  from  this  that  when  calculating  the  losses  (just  as  axial  stress) 
due  to  leakages,  for  calculated  dimensions  of  a  stage,  the  probable  deviations  in 
dimensions,  and  consequently  also  the  economy  of  the  stage  should  not  be  forgotten. 

In  connection  with  this,  th'  certain  difference  in  the  flow  rate  coefficients, 
obtained  by  various  researchers,  is  secondary. 

We  shall  use  empirical  forriiulas  for  computing  the  averaged  value  of  the  reaction 
of  a  stage  in  the  clearance  between  the  diaphragm  and  the  disk. 

Case  I:  the  disk  does  not  have  relief  holes;  consequently,  through  the  root 
clearance  there  always  occurs  auction,  which  is  equal  to  the  leakage  through  the 
diaphragm  seal.  Inasmuch  as  the  area  of  the  root  clearance  usually  is  a  few  times 
larger  than  the  equivalent  area  of  the  diaphragm  seal  clearances. 
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the  influence  of  the  root  clearance  on  suction,  and  consequently  also  on  the  change 
of  efficiency;  may  be  disregarded  (however,.  When  calculating  axial  stress  it  must 
not  be  disregarded !) . 

Then 

~  f! 


^  Ffmt  1  / 
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Case  II:  the  disk  has  relief  holes  with  total  area 
The  leakage  balance?  has  the  following  form: 

a  \'7  =»  b  ±  V±l +  r. 


m 


•where 


tSLsjgii-**  ♦  a*=— -*  kmiHsOuV. 
fe  Pu~P*  ’  a  *nFK  •*  ®  K 


rr 
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p  is  the  vapor  pressure  in  the  clearance  between  the  diaphragm  and 


■•Pi 


1  K 


the.  disk; 

is  pressure  behind  the  nozzle  cascade  on  the  root  diameter; 


F  -  «  ifdK  5„  is  the  area  of  the  root  clearance  (if  the  design  has  several  strips 
K  K  K  in  this  clearance,  thenFK  denotes  the  equivalent  area); 

and  pj  are  the  flow  rate  coefficients  for  the  flow  in  the  relief  holes 
i  and  the  root  clearance. 

The  coefficient  of  the  flow  rate  through  a  relief  hole  c  is  found  on  a  graph 

Xr 

which  generalized  the  experimental  data  of  different  organizations,  depending  upon 
the  velocity  ratio  Up/Cp  , 

where  u  is  the  peripheral  velocity  on  the  diameter  of  a  disk  with  holes; 

Jr 

Cp  is  the  rate  of  flow  through  these  holes,  Cp  =  and  it  depends  on 

the  dimensionless  parameter 

Stljlln,; 


here  s  in  the  clearance  between  the  diaphragm  and  the  disk  (if  the  clearances  on 
both  sides  of  the  disk  are  unequal,  then  the  formula  contains  the  value  of 
the  smaller  clearance); 

dp  is  the  diameter  of  a  hole; 
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is  the  pitch  of  the  holes. 


to 


Calculation  by  the  above-mentioned  formulas  must  be  conducted  by  trial  and 
error,  since  Up/Cp  and  ReR  depend  on  pj.. 

After  determining  p^,  we  calculate  the  relative  magnitude  of  leakage  through 
the  root  clearance 


___  *  |  / 1 94  —  I 
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Leakage  through  the  root  clearance  decreases  the  quantity  of  steam  (gas)  which 
is  usefully  operating  in  a  stage.  Furthermore;  this  leakage  somewhat  disturbs  the 
flow  entering  a  moving  cascade  in  the  root  sections  of  the  stage.  On  the  other 
hand,  there  occurs  suction  of  the  boundary  layer,  which  decreases  the  losses  in  the 
rotor.  The' 'insufficiency  of  experiments  for  determining  the  influence  of  leakage 
through  the  root  clearance  on  the  economy  of  a  stage  permits  us  to  make  only  a  rough 
estimate  at  this  time: 


Y1 


grf-gyi 
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During  suction,  there  occprs  stagnation  and  disturbance  of  the  normal  structure 
of  flow  in  the  root,  sections.  Especially,  sensitive  is  this  disturbance  in  negative 
reactions  at  the  root. 

Experiments  at  MEI  [29,  10J],  TsKTI  [J17]»  and  other  organizations  showed  that 
losses  due  to  suction  are  approximately  proportional  to  the  amount  of  fluid  taken  in 
and  increase,  as  the  negative  reaction  increases.  Steam  suction  in ,a  positive  reaction 
at  the  root  in  MEI  experiments  did  hot  cause  a  noticeable  change  in  losses  depending 
upon  the  reaction.  According  to  TsKTI,  an  increase  in  the  zone  of  positive  p 

C  K 

decreases  the  losses  due  to  suction.  Thus,  if  at  pK  =  0,  =  1$,  then  at 

C 

pK  =  20$,  ~  0.25$.  The  results  of  the  MEI  experiments  are  more  logical,  since 

y 

losses  due  to  stagnation,  conversely,  should  increase  as  the  reaction  increases  (as 
it.  is  known,  with  the  increase  of  p  there  is  an  increase  in  the  significance  of 
losses  In  the  moving  cascade),  and  the  change  in  the  structure  of  the  flow  during 
suction  does  not  depend  much  on  the  reaction  in  the  zone  of  p  >  0. 


/ 
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Fig.  71;  Losses  £  ^  during 


For  an  estimate  of  the  losses  during  suction 
through  a  root  clearance  ^3,  i'c  is  possible  to 
use  the  graph  in  Fig.  71,  according  to  [103],. 

Let  us  consider  an  example  of  the  calculation 
of  leakage  Cy3- 

The  following  stage  dimensions  are  known:  < 

p“  P 

*  400  cm  jBjj  *1.5  mm;  dK  *100cm;  ^yaKB  *4  cm-; 

Fp  «  67  cm2;  lip  -  115  m/sec;  pCp  -  0.42;  pK  »  0.03. 
We  -shall  determine  the  quantities  a  and  b 


suction  through  root  clearance  from  formula  (96),  assuming  in  first  approximation 
(according  - to  -MEI  experiments).  that  =  0<2  H  =  0.6: 

•  77;  ft  =  0,812. 

Since  b  >  a,  there  takes  place  steam  suction  in  the  root  clearance.  Then 

0. 477 Sr  =  0.812  -  Vr  -  1,  whence  r  =  1.1  and  p_  =;  O.O33. 

A  u 

Hence,  when  hQ  =  50.3  kj/kg,  Cp  =  V2p^h'0  =  59  m/sec;  ■—  =  2.0  and,  according 
sdp  P 

to  Fig.  69b,  when  =  0.02,  p.p  *  0.25,  ^  =  /2( p^-  p^  )hQ  =  18  m/sec,  and  when 

tOTB  * 

v  =  3.2-10"6  m2/sec  and  ReR  =  2^.8-L°.^).?ii  =.  1.7. 104,  pH  =0.6. 

3.2* lO”- 

Wo  shall  find  the  accurate  value  of , a  and  b :  a  =  0.596;  b  =  0,812. 

Then  r  =  1.04  and  pfl  =  0.0312. 

The  magnitude  of  suction  is  calculated  by  formula-  (97): 

=  0,071  ]/^~  =  0.002C  =  0.26‘i 
and  by  the  graph  in  Fig.  71,  Cy3  =  0.26$. 

1 

It  is  interesting  to  note  that  when  pK  =  0.05  and  with  other  constant  data,  £y3 
=  0,,  and  when  t>K  =  2.0  mm  and  pK  =  0..03,  there  will  be  steam  leakage  arid  losses 
Cy3=  0.15$. 
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C  H  A  PT  E  R  in 

METHODS  OP  INVESTIGATING ; TURBINE  STAGES 

§  13.  SIMILARITY  CONDITIONS  AND  STAGE  MODELING 

Experimental  investigations  of  turbine  stages/ are  based- on  the  methods  of  the 
similarity  theory,  which  establishes  the  totality  of  conditions  that  are  necessary 
and  sufficient  for  creating  models  which  reproduce  all  the  physical  properties  of 
actual1  stages. 

The  similarity  theory  considers  objects  that,  are  geometrically  similar  in  all 
elements.  Consequently)  the  condition  of  absolute  geometric  similarity  of  a  model 
With  an  actual  <obj.ec,t  ' is  .necessary  in- -the  practice  .of  modeling.  At  the  same  time, 
for  similarity  of  physical  processes  it  is/  necessary  to  ensure  the  identity  of  all 
parameters  in  the  model  and  in  the  actual1  object,  which  determine  the  operating  con¬ 
ditions  of  a  stage. 

The  number,  of  determining  parameters  is  dictated  by  a  system  of  equations  that 
describes  the  process  of  the  flow  of  gas  through  the  flow  passages  and  by  the 
appropriate  boundary  conditions.  However,  of  decisive  value  in  the  selection  of 
these  parameters,  are  the  physical  characteristics  of  the  process  under  consideration. 

Considering  the  flow  of  gas  into  a  stage  in  the  absence  of  heat  exchange,  but 
in  the  presence  of  hea^ conduction  and  friction,  it  is  simple  to  establish  a  set  of 
dimensional  parameters  that  determine  the  operating  conditions  of  a  turbine  stage. 
These  .parameters  include: 

a)  initial  pressure  and  temperature  of  gas  Pq  and  TqJ 

b)  final  pressure  Pg  (or  temperature  Tg); 

c)  speed  of  stage  n; 

d)  a  geometric  parameter,  e.g.,  diameter  d  (or  any  other); 
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e)  characteristics  of  the  physical  properties  of  the  gas,  which  includes: 

O  Q  r\ 

R  [m /sec  °K];  —  the  gas  constant; 

2  2  o 

cy  [m  /sec  °KJ  —  heat  capacity  at  constant  volume; 

X  [kgm/msec°K V  —  heat  conductivity  factor; 

U  [kg/sec/m  ]  —  viscosity  coefficient. 

A  dimensional  analysis  shows  that  the  enumerated  parameters  can  be  reduced  to 
five  dimensionless  determining  sets,  i . e . ,  similarity  criteria,  which  are  written 
in  the  following  form: 


1)  index  of  isentropj.c  process: 


A_  r.+  R  _  c, 
e,  .  <■,  * 


2)  Prandtl  'number 


3)  Reynolds  number 


Re.  =  — -  —  for  ah  absolute  flow 

»i 


wb 

Re-  => — ~  —  for’  a  relative  flow. 

'  ’i 


’4‘)'  dimensionless  velocity 


Mt=~ - fpr  absolute  motion 


Mm~— —  for  relative  motion 


or,  correspondingly:  *  Xc  ==  andX.  = 


5)  velocity  ratio 


The  system  o(>  characteristic  criteria  for  a  simplified  formulation  of  the  prob¬ 
lem  can  he  writ  ten  iri  somewhat  different  form. 

Thus,  in  particular,  there  arises  a  question  about  the  selection  of  the  deter¬ 
mining  geometric  parameter  which  enters  into  the  Re  number  and  u/c^, 

*axc  and  a<w  are  the  cr’ltLca.1.  velocities  for  absolute  and  relative  flows. 
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In  accordance  with  the  rules  of  modeling,  the  selection  of  the  geometric  dimen¬ 
sions  can  he  arbitrary.  Thus,  for  instance,  in  the  case  of  a  turbine  stage,  as  the 
characteristic  geometric  dimensions  the  following  can  be  selected:  mean  diameter  -, 
hydraulic  radius  of  cascade  (height  .1),  chord  b,  or  width  of  profile  B.  In  the 
determination  of  similarity  criteria  it  is  permissible  to  use  various,  but  identical 
for  the  model  and  the  actual  object,  geometric  dimensions.  When  computing  the 


criterion  x^,  it  is  naturally  possible  to  use  the  mean  diameter.  However,,  in 


reference  to  blading,  the  calculation  of  'the  Re  number  with  respect  to  profile 
chord  has  a  known  advantage.  Here  it  is  possible  to  compare  the  established  losses 
with  the  losses  that  appear  in  the  flow  around  cascades  in  static  conditions. 

Furthermore,  the  M  and  Re  numbers  may  be  determined  with,  respect  to  peripheral 
velocity  u  in  the  following  form: 

u  »  1  nd* 


-  «  ’ 

where  a  and  T  are  the  velocity  of  sound  and  temperature  of  gas  in  a  clearance  or 
behind  a  stage; 


D.  _  *g_ 

Ke“~ir 


It  is  easy  to  note  that  the  transition  from  Mc  and  to  ^  is  carried  out  by 
the  following  formulas: 

*  .  u _ u  • 


and 


Analpgously, 


and  Re,  =»  Re. 


Consequently,  the  equality  of  Reu  and  numbers  is  a  result  of  the  equality  of 
the  criteria  Rec(Rew)  and  Mc(Myf)  for  a  model  and  the  actual  object. 

Between  the  Re  and  M  numbers  of  absolute  and  relative  flows  it  is  also  easy 
to  establish  a  relationship: 


and 


where  b^  and  bg  are  the  chords  of  the  nozzle  and  moving  cascades. 

The  problem  is  solved  in  this  setup,  since  the  process  of  flow  of  gas  into  the 
flow  passage  is  considered  to  be  steady. 

In  reality,  this  process  is  periodically  nonstationary  and  is  characterized 
by  high  degrees  of  turbulence.  Consequently,  the  set  of  similarity  criteria  should 
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u 


be  augmented  by  the  Strouhal  number 


where  At  is  a  characteristic  time  interval  and  l  .is  a  geometric  dimension;  and  also 
the  degree  of  turbulence  . 

Cm 

which  appears  here  as  an  independent  characteristic  similarity  criterion.  The 
formula  for  EQ  includes  the  mean  pulsating  component  of  velocity  c  ,  which  is 
determined  by  the  following  equation: 

«  -V  if]  c*dta> 

*. 

and  mean  velocity  of  steady  motion  cm.. 

The  Sh  number  for  a  turbine  stage  with  .absolute  geometric  similarity  takes  on 
a.  specific  form.. 

\ 

As  shown  by  analysis;  identical  Sh  numbers  for  a  turbine  stage  in  the  actual 
object  and  in  a  model  with  absolute  geometric  similarity  are  ensured  by  the  equality 
of  the  ratio  u/c^. 

The  condition  of  u/c^  *  idem  is  a  condition  of  kinematic  similarity  of  the 
operating  conditions;  of  turbine  stages  and  can  be  obtained  directly  from  a  considera¬ 
tion  of  velocity  triangles. 

The  lie  ,  Re  ,  M ,  M '  ,  Sh,  and  En  numbers  contain  the  velocities  of  absolute 

and  relative  motion.  Theoretically,  these  velocities  can  be  selected  at  arbitrary, 

but  certainly  similar,  points  of  the  actual  object  and  the  model.  However,  consider 

ing  the  establishment  of  a  clear  relationship  between  the  results  of  static,  cascade 

« 

tests  and  dynamic  stage  tests,  the  indicated  criteria  are  expediently  calculated 
with  respect  to  velocity  c^.  and  w^.  or  w2,  respectively.  Consequently,  the  density 
p  and  viscosity  p.  must  be  calculated-  with  respect  to  the  gas  parameters  in  the 
clearance  and  behind  the  stage,  respectively. 

The  modeling  problem  may  be  considerably  simplified'  in-  the  case  when  all  five 
(or  seven,  correspondingly)  criteria  in  the  formulation  of  the  problem  of 
investigating  a  determined  direction  do  not  have  an  equal  value.  For  a  solution  of 
the  question  of  the  possibility  of  disregarding  the  influence  of  one  criterion  or 
another,  LI  is  necessary  to  estimate  this  influence  on  the  basis  of  theoretical 
considerations  or  by  means  of  an  experiment. 

Let  us  first  of  all  turn  to  the  role  of  the  Reynolds  number.  Later,  in  special 
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sections  of  the  book,  this  question  is  examined  in  detail  on  the  basis  of  a 
considerable  number  of  experimental  results.  Here  it  should  be  noted  that  the 
influence  of  the  Re  number  on  the  characteristics  of  £  stage  (efficiency,  degree 
of  reaction)  is  considerable  When  Rec^  <  (3  to  6) •10^,  depending  upon  the  geometric, 
design,  and  performance  parameters:  of  the  stage.  Thus,  experiments  show  that  the 
boundary  of  self-similarity  with  respect  to  Reynolds  number  can  vary  in  sufficiently 
wide  limits.  Thus,  as  also  in  the  flow  of  a  gas  in  cylindrical  pipes,  the  boundary 
of  the  region  of  self-similarity  depends  on  the  relative  roughness,  whereupon  ReaBT 
decreases  as  the  latter  increases,  it  follows,  from  this  that  in  the  process  of 
machine  operation  the  influence  of  Re  on  the  machine's  characteristics  is  lowered. 

Tr fTy  ~  .  *  if/Pt  An  example  of  the  dependence 

— — - n^y*i*i  —  — — ■  *9*  '  of  efficiency  and  reaction  on  the 

AM  j  :  "  '  “  Re  number  for  certain  stages  may. 


1  2  i  r  t  57  S  5 

Fig.  ,72.  Influence  of  Reynolds,, number -on  stage 
characteristics:  relative  internal  efficiency 
T)oi/T)oimax  and  of  degree  of  reaction 

AP/Pd’  ' 


be  seen  in  Fig.  72. 

Considering  such  a  significant 

? 

influence  of  Re  on  the  charac¬ 
teristics  of  a  stage,,  we  shall 
examine  the  method  of  changing 
this  number  in  experimental 


turbines.  For  this  purpose  we  shall  present  this  criterion  in  the  following  form: 


***&*&& 


Taking  ah  approximate  dependence  for  the  viscosity  coefficient 


where  is  the  initial  value  of  at  temperature  T^  and  using  the  evident 


relationships 


r.-4«V('  +ifl  iH' 


after  simple  transformations,  it  is  simple  to  obtain: 


TjtT‘1,  » 


where 


»  K  |»i 
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Formula  (98),  which  connects  the  Rec^  and  numbers  in  the  stage  clearance, 
makes  it  possible  to  establish  that  at  constant  the  Rec  number  can  be  changed 
by  changing  the  initial  parameters  before  the  stage,  pQ  and  TQ.  An  increase  of 
the  Rec  number  is  attained  by  increasing  the  initial  pressure  and  by  lowering  the 
initial  temperature. 

In  formula  (98)  it  is  possible  to  proceed  to  the  parameters  behind  the  nozzle 
cascade .  Then 

Rert~i*-£4-. 


Vi:  \  i 


The  obtained  formulas  (98)  and  (99)  permit  us- to  conclude  that  a  change  of 
pQ  (or  )  at  constant  =  ~  (M^  =  const')  may  result  in  a  larger  change  of  the 
Reynolds  number  of  the  nozzle  and  moving  cascades,  respectively. 

Let  u-  now  examine  the  second  criterion,  i.e.,  the  number,  which  considers 
the  influence  of  compressibility.  According  to  experimental,  data,  the  Mcl  number  can 
essentially  affect  the  losses  in  isolated  cascades  (see  Chapter  I),  and  the  efficiency 
and  degree  of  reaction  of  a  stage.  Numerous  results  of  tests  of  stages  with  cascades 
having  convergent  channels  show  that  the  influence  of  M  becomes  perceptible  when 
;M  ±  5  0.6  to  0.7,  whereby  for  a  considerable  number  of  stages  the  maximum 
efficiencies  correspond  to  Mcl  ~  0.9!  to  1,0.  The  influence  of  M,  which  was 
detected  in  certain  experiments  at  smaller  M,  should  be  referred  to  taking  into 
account  Re  <  ReaBT.  Therefore,  in  estimating  the  role  of  the  M  number,  it  is 

necessary  to  check  if  the  stage  is  in  the  zone  of  Reynolds  self-similarity. 

Typical  dependences  of  stage  efficiency  on  Mn 

VmI-  -  -  -  ■  -  -  U 

>nm  _ ■!***•**  number- are  shown  in  Fig;.  Jp,  It  is  characteristic 

o,)2  ri  rr that  with  the  growth  of  M,  when  M  >  1,  there  occurs 
0,n  JW  — -  a  noticeable  lowering  of  efficiency,  and  the  reaction 

ot7i) _ j _ _ IlZiZIH  the  stage  then  increases. 

0.56  0.56  0.72  0.S0  0.SI  M* 

It  should  be  noted  that  the  influence  of  Re  is  also 

Fig.  73-  Dependence  of 

stage  efficiency  on  MQ  apparent  at  considerable  MQ  numbers,*  especially  in 

number.  According  to  the  zone  transonic  velocities.  Hence  it  may  be 

ME I  experiments  for  the 

following  stages:  concluded  that  for  a  group  of  the  last  stages  of  a 

KH-1-2A  ~  (solid  curve): 

—  (dashes);  low-pressure  cylinder  of  condensing  turbines  it  is 
K.H-1-3A  — — —  (dots  and 

dashes),  necessary  to  carry  out  separate  modeling  for  M  and  Re 


0,70 - tlj _ -I - 1 - 

0.56  0.66  0.72  O.SO  0.51  M, 

Fig.  73-  Dependence  of 
stage  efficiency  on 

number.  According  to 
ME I  experiments  for  the 
following  stages: 

K#-1-2A  -  (solid  curve): 

M-2-2A - (dashes); 

KH-1-3A  — —  (dots  and 
dashes). 


*The  Mq  number  is  determined  for  the  total  drop  on  the  stage. 
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numbers  in  a  wide  range  of  numbers  0.5  <  M  s  i.’8.  Let  us  emphasize  that  for 
certain  groups  of  stages  the  required  region  of  separate  M  and  Re  modeling  has  not 
yet  been  established.  This  problem  should  be  solved  for  groups  of  stages  that 
operate  in  specific  conditions  (regulating  stages  and  the  last  stages  of  turbine 
sections). 

Of  special  interest  is  an  experimental  estimate  of  the  influence  of  two 
criteria  which  characterize  the  physical  properties  of  the  working  substance  (k) 
and  the  phenomena  of  internal  friction  and  heat  conductivity  (Pr  number). 

At  moderate  M  numbers,  the  influence  of  the  physical  properties  given  by  the 
index  of  the  isentropic  process  k,  in  a  narrow  range  of  its  variation,  is  weak. 

Thus,  Fig.  7^  gives  the  efficiency 


curves  for  the  same,  stage,  tested 
in  air  (k  =1.4)  and  superheated 
steam  (k  =  1.3).  It  is  not 
difficult  to  note  that  for  all  values 


of  the  divergence  of  the 


Fig.  74.  Dependence  of  efficiency  of  a 
single  stage  MEI  KH.-2-2A  on  the,  velocity 

ratio  u/c(j),at  MQ  «  0.6  and  Recl  =  4.2-10' 

MEI  experiments:  air  -A-A-A;  superheated 

steam  r0-0-0j=  saturated  steam: - ; - 

(dashed  line). 


efficiency  curves  lies  within  the 
limits  of  the  accuracy  of.  the  ex¬ 
periment.  Considering  a  wider  range 
of  variation  of  k,  it  should  be  noted 
that  the  efficiency  and  reaction  of 
the  stage  will  vary  more,  the  lower 
the  value  of  index  k  and  the  larger 
the  M  number  (utilized  heat  drop). 


Thus,  for  instance,  the  test  of  the  stage  of  a  steam  turbine  whose  heat  process 
occurs  near  the  upper  boundary  curve  with  a  mean  value  of  k  =  1.14  to  1,2  showed  a 
noticeable  divergence  of  efficiency  curves  as  compared  to  experiments  in  air  (see 
Fig.  74).  The  data  given  here,  and  also  other  experimental  data  [86]  show  that  at 
moderate  M  numbers  practical  self-similarity  with  respect  to  k  is  kept  in  the 
interval  of  k  =  1.3  to  1.5.  At  high  velocities  (M  >  0.8)  the  similarity  of  the 


p  lr  p 

processes  is  retained  if  the  equality  of  the  kM  sets  (or  ^  ■_  )ls  ensured,  which 

completely  corresponds  to  the  conclusions  of  the  theory  of  similarity. 

Investigations  of  stages  operating  with  moist  gases,  and  in  particular,  with 


moist  steam,  show  an  essential  change  in  efficiency,  depending  on  the  moisture 
(see  Chapter  X).  Since  the  index  k  varies  as  the  moisture  varies,  it  is  possible 


to  assume  that  the  lowering  in  efficiency  is  explained  by  the  combined  influence  of 
two  of  these  factors,  whereby  a  larger  role  is  played  by  moisture.  It  follows  from 
this  that  when  modeling  stages  that  operate  in  the-  zone  of  moist  steam,  the  moisture 
should  enter  as  a  characteristic  criterion. 

It  should  be  emphasized  that  the  problem  of  -modeling  stages  in  the  region  of 
moist  steam  is  more  complicated,  since  even  with  observance  of  all  conditions  of 
similarity  the  structure  of  the  moist  steam  in  a  model  can  essentially  differ.  The 
most  important  condition  is  the  circumstance  that  the  separating  ability  of  model 
stage  that  operates,  as  a  rule,  at  a  high  speed,  will  differ.  The  distribution  of 
moisture  (moisture  field)  in  characteristic  sections  of  the  flow  passage,  and 
consequently  also  the  efficiency  of  the  stage,  will  be  different.  At  the  same  time, 
the  possibility  of  modeling  stages  that  operate  in  a  region  of  moist  steam. is  not 
excluded.  Along  with  the  theoretical  development  of  the  problem,  it  is  necessary 
to  carry  out  methodical  tests  which  make  it  possible  to  judge  the  changes  in 
structure  of  the  moisture  and  the  conditions  of  separation  in  geometrically  similar 
stages.  The  solution  of  this  problem  is  possible  only  with  help  of  instruments  which 
measure  the  local  values  of  moisture. 

In  considering  the  influence  of  the  physical  properties  of  the  working  substance, 
the  role  of  the  Pranatl  number  should  be  mentioned.  For  air,  this  criterion  is 
practically  constant,  Pr  =  0.72,  under  laminar  conditions.  For  turbulent  conditions, 
its  analog  is  introduced,  which,  under  constant  turbulence,  may  also  be  considered 
as  constant.  For  steam,  the  Pr  number  depends  on  pressure  and  temperature  and  can 
vary  in  wide  limits,,  whereby  in  the  zone  of  moderate  temperatures,  and  pressures 
the  Prandtl,  number  for  steam  and  air  essentially  differs.  The  influence  of  the 
difference  in  Pr  numbers  for  actual  and  model  working  substances  can  noticeably 
show  up  at  high  velocities  in  the  flow  passage,  i.e.,  at  high  M  numbers  and  large 
stage  flare.  In  this  case  the  nonobservance  of  the  condition  of  Pr  =  idem  leads 
to  an  unequal  distribution  of  the  stagnation  temperature  in  characteristic  sections 
of  the  stage,  and  consequently,  to  a  divergence  of  the  stage  characteristics.  It  is 
possible  to  consider  that  the  change  of  the  physical  properties  of  the  working  sub¬ 
stance  in  the  transition  to  model  tests  in  cold  air  proceeds  namely  in  this 
direction. * 

’‘The  question  concerning  the  influence  of  the  Pr  number  is  considered  in  detail 
in  Chapter  VII. 


The  influence  of  instability  of  flow  in  the  flow  passage  and  high  turbulence 
has  not  yet  been  subjected  to  a  detailed  theoretical  and  experimental  investigation. 
It  is  possible  to  allow  that  with  the  observance  of  absolute  geometric  similarity 
and  identical  values  of  the  basic  performance  parameter  of  a  stage,  u/c^  ,  the 
Strouhal  number  in  the  actual  object  and  in  the  model  will  be  identical,  i.e., 
instability  of  the  process  will  also  appear  to^ an, equal  extent.  However,  this 
assumption  should  be  checked. 

The  considerable  influence  of  turbulence  on  the  characteristics  of  isolated 
cascades  was  established  by  appropriate  experiments  (see  Chapter  I).  This  criterion 
obtains  an  especially  important  value  for  the  investigation  of  isolated  intermediate 
stages  when  at  the  entrance  to  the  stage  being  tested  it  is  necessary  to  reproduce 
the  corresponding  initial  conditions.  The  results  of  experiments  of  isolated  stages 
should  be  corrected  in  the  appropriate  way,  under  the  condition  that  the  influence 
of  the  degree  of  turbulence  EQ  on  stage  efficie^iy  is  known. 

In  a  simplified  formulation  of  the  problem  concerning. modeling  of  a  turbine 
stage  (approximate  modeling)  the  necessary  conditions  of  similarity  may  be: 

1) !  geometric  similarity; 

2)  Re  =  idem; 

3)  M  =  idem; 

ft-)  x<J,  -  -  iaem. 

The  last  three  criteria  are  simultaneously  the  basic  performance  parameters  of 
the  stage. 

Equality  of  the  basic  criteria  of  similarity  for  the  actual  object  and  a  model 

Rf*  **  R*«’>  M.  —  (7-^  )j,  —  (75- )„ 


leads  to  the  following  evident  dependences  which  make  it  possible  to  select  the 
basic  parameters  of  the  model  stage: 


Mu.  Mu  * 

f|  M  _  fu 
Oim  «U  ’ 


(100) 


_  di+it, 
CIM  ClH 


Assuming  as  we  did  earlier,  an  approximate  dependence  of  viscosity  on 
temperature 
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there  can  be  obtained  a  relationship  between  the  parameters  in  the  following  fora: 

■  fl» _ 

n,  n,  ’  ^  (iol) 

Formulas  (100)  and  (101)  serve  for  establishing  ;a  relationship  between  the 
dimensions  and  parameters  of  an  actual  stage  and  a  model.  This  relationship  is 
expressed  by  a  system  of  conversion  factors. 

We  shall  consider  that  the  geometric  scale  of  the  model,  »•  d^/d^  ■  l±u^llu  * 

»  end  the  temperature  scale,  Xt  -  TH/ly,  are  given.  Selection  of  these  scales 


is  detemined  by  the  productivity  and  the  parameters  of  the  power  source  (compressor- 
or  boiler),  the  conditions  of  simplicity  and  reliability  of  the  experiment,  and  also 
the  necessity  of  providing  a  definite  range  of  accessible  conditions. 

Depending  upon  the  conditions  of  the  problem,  any  two  other  factors  can  be 
assumed  to  be  known.  The  remaining  factors  are  determined  by  two  selected  ones,  and 
in  particular;  by  Kj  and  K^. 

Thus,  for  instance,  from  the  first  condition  of  (101)  we  find  the  following 
relationship  between  conversion  factors: 

_  *l«  fTta\" 

etM  \7ui 


iitia  or  r  f  ■— 


...  -  «■-* 


where  Kc  and  are  the  conversion  factors  of  velocities  and  densities. 


From  the  second  equation  of  (101)  we  find 

K^VTC. 

After  making  a  comparison,  we  find  the  density  conversion  factor 


Using  the  well-known  equations  that  connect  the  basic  characteristics  of  a 


stage,  it  is  simple  to  obtain  the  following  conversion  factors: 


a)  pressure  Kp  = 


^t 

b)  speed  5^  =  — 

l 


c)  volumetric  flow  rate  Kq  =  Kj 

d)  power  of  stage  K,.  =  K, 


§  ±4.  EXPERIMENTAL  TURBINES  AND  SETUP  FOR  INVESTIGATING  STAGE  CASCADES 

Investigations  of  single  turbine  stages,  the  results  of  which  are  presented 
in  this  book,  were  conducted  in  three  experimental  MEI  turbines  connected  to  a 
steam-air  rig.,*  The  experiments  were  conducted  both  in  steam,  and  also  in  air.. 

Most  of  the  experiments  were  conducted  in  steam. 

The  advantages  of  the  steam  tests  are  evident  and  include:, 

1)  tests  in  steam  which  ensure  a  wide  range  of  independent  variation  of  M  and 
Re  numbers  (separate  modeling  for  M  and  Re  numbers); 

2)  easily  conducted  investigations  of  stages  with  long  blades,  including  ones 
in  moist'  steam; 

3)  investigations  conducted  under  conditions  as  close  as  possible  to  real 
conditions;  this  automatically  satisfies  the  equality  of  the  criteria  of  similarity,, 
k  and  Pr. 

The  disadvantages  of  steam  tests  include  the  more,  complicated  design  of  the 
experimental  facilities;  the  difficulties  connected  with  measuring  the  parameters 
of  steam  flow,  and  consequently,  the  complication  of  the  method  of  investigation. 


Fig.  75.  Schematic"  diagram  of  MEI  steam-air  facility: 

1  —  filter;  2  —  "inverted  model  of  turbine;  3  —  vacuum 
wind  tunnel;  4  —  air  compressor;  5  —  air  heater;  6,  8, 

10,  11,  12  —  experimental  turbines;:  7  —  weighing  device; 

9  —  loading  device;  13  and  22  —  condensers;  14,  15,  21  — 
wind  tunnels;  16  and  26  -  steam  and  air  calibration  loops; 

17,  18,  19,  20  —  devices  for  studying  the  processes  of 
flow  of  moist  steai;  23  —  drive  turbines;  24  —  experimen¬ 
tal  centrifugal  compressor;  25  —  experimental  axial-flow 
compressor;  27  —  silencer;  28  -  reserve  facilities. 

KEY:  (a)  steam;  6  atm(abs. ) j00oC;  (b)  manual  pump;  (c)  atm. 

*The  results  of  investigations  conducted  with  experimental  turbines  of  other 
laboratories  are  also  used,  the  laboratory  of  the  Kaluga  Turbine  Plant,  in  particu¬ 
lar.  Descriptions  of  the  majority  of  these  turbines  are  known  from  literature  [5], 
£22],  [35],  [68],  and  [135]. 


A  schematic  diagram  of  the  MEI  aerodynamic  steam-air  laboratory  is  shown  in 
Fig.  75. 

Air  is  supplied  to  the  laboratory  from  a  centrifugal  compressor  4  with  a 
delivery  of  220  m^/min  at  an  initial  pressure  of  pQ  =  3.5  bar. 

The  suction  line  of  the  compressor  4  includes  an  "inverted  model"*  2  and  a 
wind  tunnel  3>  which  operate  with  atmospheric  inlet  pressure  and  with  a  vacuum  at 
the  outlet. 

The  remaining  devices  of  the  laboratory  can  operate  both  with- steam,  and 
also  with  air  supply.  The  steam  parameters  include  ,pQ  =  6  bar,  tQ  =  300°C,,  and 
consumption!  to  25  tons/hour. 

In  addition  to  -the  indicated  units,  the  laboratory  contains  four  experimental 
steam-air  turbines  of  different  design  arid  function  (6,  8,  10,  11) ,  one  double'-, 
shaft  steam  turbine  12  for  investigating  the  last  stages  of  steam  turbines, 
annular  14  and  flat  15  steam-air  tunnels,  and  centrifugal  24  and  axial  25 
experimental  compressors. 

An  important  complex  of  the  laboratory  is  a  group  of  units  for  studying  the 
processes  of  the  flow  of  moist  steam.  It  includes  the  followings  unit  17  —  for 
investigating  the  velocity  of  propagation  of  small  disturbances  in  moist  steam; 
unit  18  —  for  investigating  coriderisation  shocks  and  the  boundary  layer;;  19  —  a 
device  for  weighing  reaction  stresses  during  the  flow  of  moist  steam;.  20  —  a 
device  for  investigating  the  flow  rate  characteristics;  21  —  a  steam-type  high-speed 
wind  tunnel. 

’The  testing  laboratory  is  serviced  by  two  condensation  units  13  and’  22  which 
include,  [besides  the  usual  equipment,  measuring  tanks  for  the  basic  and  drain 
condensed  steam  arid  high-pressure  pumps  that  service  the  steam-moistening  system. 

The  heat  systems  of  the  uriits  are  characterized  by  the  presence  of  two-  and  three- 

i 

stage  moistening  systems. 

Intermediate  single  stages  of  small  diameter  (d  S  550  mm;  l  5  6 0  mm)  are 
tested  in  experimental  turbine  3T-11  (see.  position  6  in  Fig.  75  )i  which  was 
designed  and  manufactured  by  the  Leningrad  Kirov  Plant.  A  sectional  drawing-  of 
this  turbine  is  ^hown  in  Fig.  76. 


*A  turbine  with  stationary  rotor  and  revolving  nozzle  cascades. 


Fig.  76.  Experimental  turbine  3T-11  of  the  Leningrad 
Kirov  Plant:  1  —  entrance  section;  2  —  flow  passage; 

3  —  diaphragm  attachment;  4  —  hydraulic  bushings;  3  — 
insertable  blades  of  water  brake;  6.  ~  water  brake;, 

7  —  hydraulic  pivot;  8  —  floating  journal;  9  —  exhaust 
chamber;  10  —  exhaust  duct. 

The  operational  experience  of  the  experimental  turbines  shows  that  an-  insuf¬ 
ficiently  exact  determination  of  the  moment  of  friction  in  the  bearings  leads  -.to 
appreciable  errors  in  the  determination  of  efficiency.  In  machines  whose  design 
does  not  exclude  the  necessity  of  calibrating  the  bearings,  it  is  difficult  to 
study  the  influence  of  such  factors  as  the  Re  and  M  numbers,  the  change  in  the 
number  of  nozzle  groups  during  partial  feed,  clearances,  etc:.  A  sufficiently  exact 
determination  of  the  total  power  of  friction  at  variable  oil  temperature,  various 
steam  densities,  various  axial-stress,  and  various  vibration  is  a  complicated 
problem.  Therefore,  the  turbine-  3Trll  is  manufactured  with  floating  journals.  This 
machine  employe  -ordinary  sliding  bearings  with  an  oil  lubricant,  The  loading 
device  is  a  disk-type  two-stage  water  brake  6  with  separate  Independent  water  supply 
and  regulation.  Furthermore,  the  brake  makes  it  possible  to  change  the  range  of 
absorbed  power  by  means  of  mounting  radial  rectilinear  insertable  blades  5  on  the 
casing. 

The  casing  of  the  water  brake  is  rigidly  joined  to  floating  carrier  journal  8 
in  which  the  bearing  casing  is  also  attached.  During  operation,  the  floating 
journal  8,  together  with  the  casing  of  the  water  brake  and  the  bearings,  emerges  on 
two  hydraulic  bushings  4  which  operate  from  the  common  oil  system  of  the  turbine. 
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The  axial  stress  of  the  entire  design  is  perceived  by  the  hydraulic  pivot 
Careful  manufacture  and  proper  adjustment  of  the  hydraulic  bushings  completely 
eliminates  dry  friction  between  .the  suspended  unit  and  the  stationary  housing  of 
the  machine.  The  moment  obtained  from  the  fluid  friction  in  the  hydraulic  bushings 
has  ah  insignificantly  small  magnitude.-  As  a  result,  we  obtain  a  moment  that  is 
measured  on  the  casing  of  the  water  brake  (including  the  braking  moment  of  the 
disks  and  the  moment  friction  in  the  bearings)  with  a  high  degree- of  accuracy, 
which  corresponds  to  the  moment  developed  oh  the  turbine  shaft. 

The  turbine  3T-11  has  an  annular  symmetric  exhaust  chamber  9.  Outlet  of 
steam  into  a  condenser  or  air  into  the  atmosphere .is  carried  out  through  five 
symmetrically  located*  exhaust  duct's  10.  which  have  chokes  for  regulating  the 
counterpressure.  - 

The  3T-11  turbine  was  modernized  while  it  was  in  use.  Replacement  of  the 
turbine  housing  made  it  possible  to  increase  the  maximum,  diameter  of  the  stages 
under  investigation  to  550  -to  600  mm.  The  rotor  design  was  simultaneously 
modified :  the  power  of  the  water  brake  was  increased  and  the  limiting  speed  of 
the  machine  was  increased,  which  made  it  possible  to  expand  the  range  of  accessible 
M  and  Re  numbers. 

Investigations  of  double  regulating  stages  and  large-flare  stages  were  carried 
out  with  experimental  turbine  No.  3.  This  machine  was  produced  in-  several  models. 

The  first  model,  which  is,  intended  for  the  investigation  of  double  regulating 
stages  with  relatively  low  blade  heights,  made  it  possible  to  test  stages  with  a 
maximum  d Lameter  less  than  800  mm,  but  due  to  the  small  dimensions  of  the  exhaust 
chamber  it  was  not  possible  to  test  stages  with  9  =  d/l  <  5. 

Turbine  No.  3  was  modernized  during,  uperation.  Replacement  of  the  housing 
and  the  exhaust  duct  made  it  possible  to  increase  the  diameter  of  the  stages  being 
investigated  to  1000  mm- and  to  test  stages  with  long  blades  at  9  a  2.6. 

Further  Improvement  of  the  machine,  to  ensure  a  more  detailed:  investigation 
of  the  last  stages,  had  as  its  goal  the  creation  of  a  unit  with  two  independent 
coaxial  shafts  and  two  loading  devices  (twin-shaft  version). 

This  design  makes  it  possible  to  test  a  stage  operating  with  moist  steam  and 
having  superheated  steam  at  the  entrance  to  the  turbine.  This  design  feature 
avoids  the  undesirable  Initial  moistening  of  steam  and  the  tedious  and  unreliable 
determination  of  moisture  with  respect  to  heat  balance,  and  it  also  creates  a  normal 
moisture  field  at  the  entrance  to  the  investigated  stage.  A  sectional  drawing  of  the 
second  twin-shaft  version  of  turbine  3T-3  is  shown  in  Fig.  77. 
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The  machine  3T-3  can  have  two  to  four  stages.  The  water  brake  of  the  right 
shaft  l1,  i.e.,  the  blade  shaft  and  the  suspension  of  the  housing,  is  mounted  on 
ball  bearings.  This  design  ensures  total  weighing  of  the  moment,  on  the  brake  wheel 
and  the  moments  of  friction  in  the  radial  and  thrust  bearings . 

The  water  brake  of  left  shaft  10  is. diskrtype,  sectional,  and  has  an  open  water 
supply. 

Suspension  of  the  housing  is  carried  out  in  oil-type  four-.chamber  floating 
bushings  9  and  12  and  ensures  weighing  of  the  moments  of  friction  in  the  radial  5  .. 
and;  radial-thrust  6  bearings  of  conventional  design. 

For  prevention  of  the  possibility  of  oil  falling  into  the  steam  box  under 
vacuum  conditions,  the  right  sealing  block  4  is  carried  out  with  steam  supply  and 
air  supercharging; 

The  design  under  consideration  includes  independent  weighing  of'  torque  and 
axial  stress  on  the  rotor.  Axial  stress  is  transmitted  to  the  casing  .of  'the  -water 
brake  through  KTZ  thrust  bearings  which,  make  it  possible  to  perceive  the  considerable 
specific  loads  that  are  perceived  by  the  weighing  device  8  with  ah  elastic  element 
that  makes  it  possible  to  calibrate  the  loads  on  the  running  machine.  Torque  is 
weighed  on  the  casing  of  the  water  brake  by  an  ordinary  weight  head. 

For  setting  up  the  conditions'  and  observing  the  speed  of  shaft  rotation,  .the 
machine  has  a  magnetic-induction  tachometer  5.  The  speed  counter  and  an  additional 
tachometer  operate  from  an  induction  pickup-,2. 

The  protection  of  the  machine  is  electrical,  duplicate,  and  uses  the  impulse 
from  the  induction  pickup  2  and  the  generator  of  tachometer  3, 

The  turbine  housing  is  welded,  with  horizontal  and  vertical  joints.  The 
steam- inlet  portion  is -of  an  annular  design  and  has  a  stabilizing- lattice;  a  steam- 
cooier  is- mounted  at  the  entrance  -to  the  machine. 

The  main  advantage  of  the  twin-shaft  design  under  consideration  consists  in 
that  the  stages  of  the  left  shaft  create  a  corresponding  velocity,  pressure,  and 
moisture  field  at  the  entrance  to  the  stage  of  the  right  shaft;  the  characteristics 
of  the  two  stages  are  determined  separately. 

For  installing  different  groups  of  stages,  the  possibility  is  foreseen  to 
move  the  entire  block  of  the  left  shaft  in  an  axial  direction  by  90  mm.  Axial 
movement  is  carried  out  by  means  of  transposing  the  casing  11  and  replacing  the 
adjusting  bushings  of  the  calibration  device  7. 

Of  great  interest  in  the  development  of  turbine  stages  is  the  static  testing  of 

nozzle  cascades  under  actual  conditions  of  their  operation.  The  turbine  8T-3  permits 
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a- similar  experiment.  For  this,,  the  whole  block  of  the  right  shaft,  together  with 
-the  rotor,  is  removed;  and  the  diaphragm  of  the  investigated  (single-stage)  stage 
and  the  block  of  the  left  shaft  remain  in  the  machine.  The  machine  (left  shaft) 
is  started  in  the  usual  order,  and  the  diaphragm  to  be  tested' is  traversed  by  a 
special  gear  that  is  mounted  at  the  position  of  the  right  shaft. 

At  the  entrance  to  the  investigated  diaphragm  there  are  created  natural  lields 
of  angles,  pressures,  velocities;  and  moisture,  and  also  the  periodic  instability 
that  is  peculiar  to  the  given  stage.  In  addition  to  this,  these  fields  can  be 
regulated,  to  a  considerable  extent  by  means  of  varying  the  operating  conditions  of 
the  left  shaft. 

Similar  conditions  for  testing  an  annular  nozzle  cascade,  even  in  a  special 
steam- type  annular  wind  tunnel,:  are  practically  unattainable. 


Fig.  78.  Traverse  gear  of  experimental  turbine  3T-3:  1  — 

diaphragm  to 'be  investigated;  2  -  sliding  key;-  3  -  rod; 

4  -  transmission  gear  pair;  5  -  adjusting  ring  of  axial 
position;  6  -  turbine  housing;  7  -  bushing  for  movement  of 
vUigle  a^;  8  -  seal;-  9  —  worm  gear  of  pitch  drive  x;  10  — 

worm  gear  of  angle  of  rotation  a.;  11  -  worm  gear  for 

radial  movement  y;  12  -  indicator  selsyn;  1?  -  electric- 
drive  motor;  14  —  drive  bushing  for  movement  y;  15  —  gear 
pair  for  movement  y. 


For  ensuring  the  possibility  of  tests,  it  is  necessary  to  apply  the  traverse 
gear  shown  in  Fig.  78.  It  is  mounted  at  the  required  axial  distance  from  the  inves¬ 
tigated  diaphragm  1  along  the  axis  of  the  turbine  housing  6  with  the  help  of  an 
adjusting  ring  5.  A  head  is  mounted  on  rod  3  and  has  the  following  movements,  which 
arc  controlled  during  the  test: 
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1)  linear  radial  (along  blade  edge)  y; 

2)  rotary  around  turbine  axis  (pitch  movement)  x; 

3)  rotary  around  axis  y  (angle  a^) . 

All  these  movements  are  independent  and  accomplished  with  the  help  of  a 
remote  electric  drive  and  indication  system.  The  electric  motors  of  the  pitch 
drive  15  and  the  indicator  selsyn  12  are  connected  with-  the  shaft  of  worm  gear  9/ 
the  axis  of  which  is  fixed  with  respect  to  the  turbine  housing.  The  axes  of  the 
worm  gears  of  the  drives,  and  y  (10  and  11),  revolve  with  respect  to  the  turbine 
housing. 

The  rotation  of  worm  gear  11  revolves  bujhing  14,  in  which  rod  5  sits  on  the 
thread;  the  rod  is  connected  through  sliding  key  2,  gear  pair  4,  and  bushing  7  with 
worm-gear  pair  10.  Consequently,  when  worm  gear  10  is  stationary,,  rod  3  is  not 
able  to  revolve,  and  rotation  of  worm  gear  11  will  cause  it  to .move  along  axis  y. 
During  rotation,  of  worm  gear  10,  gear  pairs  4  and  15  revolve  synchronously,  since 
the  axis  of  worm  gear  11  remains  fixed  with  respect  to  bushing  7;  therefore,  it 
revolves  together  with  it.  The  synchronous  rotation  of  pairs  4  and  15,  which  is 
caused  by  the  rotation  of  worm  gear  10,  will  lead  to  the  rotation  of  rod  3  around 
axis  y  without  it  moving  along  the  axis. 

Finally,  rotation  of  worm  gear  9  leads  to  rotation  of  the  entire  unit  around- 
the  turbjr.o  axis,.  The  head  then  moves  along  the  circumference  (lattice  pitch  x). 

The  traverse  gear  is  sealed  by  means  of  glands  with  water  supply  15,* 

A  graphic  illustration  of  the  possible  operating  ranges  of  the  turbine  3T-3  is 
given  in.  Fig..  79  by  means  of  a  diagram  of  the  conditions  of  the  left  shaft.  The 
diagram  was  constructed  for  one  of  the  single-stage  groups. 

This  diagram  determines  the  region  of  the  possible  combined  operating  conditions 
of  the  turbine  stages  and  the  loading  device  of  the  left  shaft. 

The  diagram  was  constructed  in  the  coordinates  N  kw  —  n  rpm  and  was  obtained 
as  a  result  of  plotting  the  characteristics  of  the  stages  being  investigated  on 
the  external  loading  characteristic  of  the  water  brake. 

The  external  loading  characteristic  of  the  water  brake  is  bounded  by  the  lines 

1  —  3  -  'I  -  2. 

Lino  1  -  the  lower  bound  of  stable  operation  of  the  brake  -  corresponds  to  the 
absorbed  power  as  a  function  of  speed  during  the  operation  of  one  disk;  0450  mm, 
with  minimum  filling. 

*A  description  of  the  electrical  circuit  of  the  traverse  gear  is  not  given  due 
to  the  limited  size  of  the  book. 
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Fig.  79.-  Diagram  of  the  behavior  of  the  left  shaft  of 
experimental  turbine  3T-3 :  1  —  lower  characteristic  of 

water  brake;  2  -  upper  characteristics  for  various  disk 
diameters;  3  —  range  of  nJI]ax  for  disks  made  from  differ¬ 
ent  types  of  steel;  4  -  level  of  Nmax  for  cooling;  5  - 
nKp  zonesJ  6  ~  external  characteristics  of  two  stages  of 
left  shaft,  p2  and  g  =  Pq/Pq,  of  last  stage  during  com¬ 
bined  conditions  (speed  of  rotation  of  rotors  is 
identical). 

Line  3  -  the  maximum  permissible  rotor  spee'd  -  with  respect  to  the  strength 
conditions  of  brake  disks  with  <?>450  mm,  manufactured  from  different  types  of  stee] 
with  a  safety  factor  of  n  =  1.5, 

Line  4  refers  to  the  maximum  power  of  the  brake  with  regard  to  hea<  removal, 

i.e.,  with  regard  to  the  maximum  possible  heating  of  the  water  coolant  at  its 
maximum  flow  rate. 

Lines  2,  2'  and  2"  denote  the  possible  upper  bounds  of  the  external  character 
istic,  which  determine  the  dependence  of  N  -  f(n)  during  combined  operation  with 
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complete  filling  of  three  disks  with  diameters  of  450,  480,  and  520  mm,  respectively. 

Curves  6  represent  Lhn  characteristics  of  two  turbine  stages  of  the  left  shaft 
at  different  e  and  p^. 

The  values  of  e  and  p2  in  Fig.  7 9  pertain  to  the  last  investigated  stage  of 
the  right  shaft,  under  the  condition  of  synchronous  rotation  of  the  rotors. 

For  instance,  with  a  450  mm  diameter  of  the  brake  disks,  made  of  steel 
54KhNZMF,  and  under  the  given  test  conditions  of  the  investigated  (last)  stage, 
which  sits  on  the  right  shaft,  with  the  values  of  e  =  0.2  and  p2  =  6.055  bar,  the 
left  shaft  will  provide  an  experiment  with  a  speed  that  varies  from  8000  to  16,000 
rpm  (from  point  A  to  point  B)i  This  machine  is  manufactured  with  a  flexible  rotor 
having  a  first  critical  speed  of  =  5400  rpm  and  a  second  critical  speed  of 
nKp2  *  9450  rpm.  The  zones  of  critical  speeds  nKp  ±  250  rpm  are  indicated  in 
the  diagram. 

A  very  wide  possibility  of  variation  is  ensured  by  the  steam  parameters  and 
the  heat,  drop  of  the  investigated  stage. 

At  a  counterpressure  of  p2  =  O.O35  bar,  the  minimum  pressure  ratio  on  the 
stage  amounts  to  emi^  =  0.13;  at  pg  =  0.Q5  bar,  emin  =  0.15;  at  p2  =  O.O75  bar, 

emin.  ~  °*2'  and  at  P2  “  °*1  bar'  emin  “  °*25' 

All  the  last  stages  of  condensing  turbines  practically  operate  in  this  range 

of  p2  and  e,  and  consequently,  their  models  can-  be  tested  in  the  3T.-3  turbine  at 
actual  counterpressures,  velocities,  heat  drops,,  and  moistures. 

Detailed  investigations  of  the  structure  of  flow  in  annular  cascades,  and  also 
in  stages  with  long  blades,  tested  in  air,  were  carried  out  in  experimental 
turbine  3T-7  (see  position  8  in  Fig.  75),  which  is  the  combined  unit  shown  in  Fig. 

80.  In  this  unit,  air  from  the  pressure  chamber  goes  through  the  inlet  duct  2 

and  the  equalizing  grid  18  and  enters  the  turbine  housing  1  and  then  proceeds  through 

the  shroud  20  to  the  investigated  nozzle  cascade  22. 

The  nozzle  cascade  22  is  mounted  in  cantilever  fashion  on  the  shaft  of 
diaphragm  17,  which  is  mounted  on  two  ball  bearings.  The  left  end  of  this  shaft  is 
connected  to  a  turning  device  and  a  two-component  tensometeric  balance. 

The  turning  device  with  a  stationary  probe  makes  it  possible  to  measure  the 
pitch  behind  the  nozzle  cascade.  The  two-componant  balance  serves  for  measurement 
of  the  tangential  and  axial  forces  acting  on  the  nozzle  cascade.  These  measurements 
are  also  made  in  the  stage;  they  make  it  possible  to  obtain  averaged  values  of  the 
coefficients  of  velocity  <p  and  the  exit  angle  for  the  nozzle  cascade,  and  thereby 
separate  the  mean  values  of  the  losses  in  two  cascades. 
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Fig.  80.  MEI  high-speed  experimental  air-type  turbine 
with  weighing  of  and  P&.  on  diaphragm  and  rotor: 

1  and  25  —  turbine  housing;  2  —  inlet  duct;  3  —  annular 
chamber;  4  —  drive  for  turning  nozzle  cascade;  5  — 
needle  bearing;  6  —  elastic  balance  beam  for  M^;  7  — 

cogwheel;  8  —  key;  9  ■—  measuring  coupling;  10  —  rigid 
beam  of  measuring  coupling  for  M^;-'  11  —  cam;  12  — 

ring;  13  —  bearing;  14  —  spherical  insert;  15  —  elastic 
balance  element;  16  —  seal;  17  —  diaphragm  shaft;  18  — 
grid;  19  —  pressure  chamber;  20  —  shrouds;  21  —  guide 
row  of  plates;  22  —  nozzle  cascade;  23  —  rotor;<  24  — 
hatch  of  upper  part  cf  housing;  26  —  floating  Pushing; 

27  —  bushing;  28  and  36  —  chambers;  29  —  annua. r  chamber; 
30:—  brake  disk;  31  and  32  —  brake  casing;  33  -  supply 
duct;  34  —  induction  pickup;  35  —  drain;  37  —  exhaust 
duct. 


The  rotor  23  and  the  disk  of  the  water  brake  30  are  located  in  cantilever 
fashion  on  the  shaft.  The  shaft  is  mounted  in  anti-friction  bearings  that  are 
:placed  in  a  floating  bushing  26. 

The  rotor,  together  With  exhaust  duct  37  >  is  easily  dismantled.  The  exhaust 
portion  is  easily  replaced  by  a  device  that  ensures  the  necessary  conditions  for 
testing  annular  cascades.  The  group  of  bearings  is  then  replaced  by  a  cylindrical 
bushing,  while  the  casing  of  the  exhaust  portion  serves  as  the  peripheral  boundary. 

In  the  investigation  of  stages,  and  also  isolated  annular  cascades,  in  the 
upper  part  of  the  housing  24,  oh  the  flange  of  the  housing  25>  there  is  mounted  a 
traverse  gear  which  provides  a  preliminary  three-dimensional  zone. 

The  unit  under  consideration  was  used  to  investigate  cascades,  and  also  several 
stages  with  small  9.  A  detailed  description  of  this  unit  is  presented  in  [22]. 

For  testing  stages  that  are  designed  for  higher  supersonic  heat  drops  for  small 
diameters,  it  is  very  convenient  to  use  the  experimental  turbine  3T-500,  vrtiich  was 
developed  and  built  at  the  Kaluga  Turbine  Plant  (Fig.  81). 
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Fig.  81.  Experimental  high-spsed  turbine  with  frame  suspen¬ 
sion,  Kaluga  Turbine  Plant:.  1—  stationary  turbine  housing; 

2  —  radial- thrust  bearing;  3  -  bearings  of  frame  suspension; 

4  —  axial  retainer;  5  —  stationary"  struts;  6  —  frame;  7  — 
magneto  of  tachometer  and  protection  system;  8  —  water  brake 
casing;  9  —  radial  bearing. 

The  turbine  housing  and  the  struts  5  are  secured  to  the  foundation.  Radial 
bearing  9,  radial-thrust  bearing  2,  and  the  casing  of  the  water  brake  8  are  mounted 
on  a  rigid  frame  6  that  envelopes  the  turbine  housing.  Frame  6  on  ball  bearings  3 
is  suspended  in  struts  5  and  secured  in  an  axial  direction  by  a  ball- type  device  4. 

During  operation  of  the  brake,  the  moment  and  the  moment  of  friction  in 
bearings  2  and  9  are  transmitted  to  the  frame  and  are  balanced  by  a  conventional 
balance  head. 

For  decreasing  parasitic  moments  of  friction  in  the  suspension  bearings  3,  the 
frame  is  suspended  on  springs  at  points  A  and  B.  The  tensions  of  the  springs  are 
correspondingly  equal  to  the  reactions  on  the  bearings  3. 

Water  is  fed  to  the  brake  in  an  open  stream.  After  an  insignificant  change  in 
design,  oil  is  also  fed  to  the  bearings  without  flexible  hoses. 

This  design,  in  addition  to  simplicity  and  reliability,  ensures  operation  with 
a  rigid  rotor  practically  under  any  conditions,  and  also  gives  a  very  high  accuracy 
of  torque  measurement,  which  is  especially  important  for  tests  of  small  high-speed 
stages. 

Investigations  of  cascades  in  static  conditions  are  conducted  in  various  wind 
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tunnels  set  up  at  the  MEI  laboratory.  One  of  latest  versions  —  the  large  MEI 
wind  tunnel  (see  position  ±5  in  Fig.  75)  —  serves  for  investigating  straight 
cascade-packs  of  the  turbine  and  compressor  type.  The  peculiarity  of  this 
installation  is  the  possibility  of  using  both  air  and  steam  as  the  working  medium. 

The  packs  to  be  tested  are  placed  in  the  working  part  of  the  wind  tunnel 
(Fig.  82).  The  packs  are  up  to  100  mm  high  and  up  to  350  mm  in  length  along  the 
front  of  the  cascade.  The  entrance  angle  of  flow  to  the  cascade  varies  from  15 
to  165°.  The  exit  angle  varies  from  10.  to  60°.  A  convergent  channel  1  is  placed 
at  the  entrance  to  the  working  portion.  The  pressure  chamber  of  the  working  portion 

ensures  a  uniform  field  of  flow  at  the  entrance 

•r 

■  ■  "r  .  to  the  guide  nozzle  2,  which  is  located  in  front 

..  \ 

■  '  of  the  cascade.  In  the  pressure  chamber  there 

^  kit  axists  a  drain  system  for  determining  static 

"  \>-  'S  s pressures  and  impact  pressures.  The  design  of 

/  the  working  portion  makes  it  possible  to  perform 

I  precise  measurements  of  the  direction  of  flow  at 

;  JSs.  j|||L  the  entrance  to  the  cascade. 

I  I  \  The  entrance  angle  of  flow  to  the  cascade  is 

\  I  'n  the  Suicie  nozzle  2,  which  should  be  specially 

\  *  /  "  *  \  /  designed  for  the  range  of  entrance  angles  and 

’  j  ,  \  %  numbers.-  The  walls  of  the  nozzle  are  securely 

S  '  ''  attached  to  the  shroud  plates  8  of  the  cascade 

J  pack  and  placed  together  with  it  in  the  working 

I  portion.  In  the  working  part,  the  pack  is’  held 

y  in  place  by  sliders  4  which  have  screw  drives  3. 

Fig.  82.  Diagram  of  large  MEI  The  exhaust  chamber  6  is  made  with  a  recessed  pack 
ver^nfShaSSfl  -^idJT  has  a  clearance  of  140  mm.  At  the  cascade 

slider;  5  -  tllUrsTlllV  4  "  exit  there  ls  a  divergent  channel  7  which  makes 

divergent  Selj's ^shMd”  lt;  Possible  to  increase  the  M  number  at  the 

plates  of  pack.  cascade  exit. 


The  exhaust  chamber  has  a  system  of  drains  for  measuring  static  pressures.  In 
addition.  It  contains  a  combined  probe  [22]  for  investigating  the  field  of  flow 
directly  behind  the  cascade.  The  probe  moves  in  a  special  port  of  the  tranverse 
gear  5>  where  it  is  mounted  on  the  specially  sealed  rod  of  the  tranverse  gear. 


which  has  four  degrees  of  freedom. 
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Control  of  the  traverse  gear,  which  is  mounted  in  the  working  portion,  is 
fully  automated  and  accomplished  from  a  special  panel  at  some  distance  from  the 
installation.  There  are  several  protection  systems  that  duplicate  one  another  arid 
eliminate  the  possibility  of  the  probe  breaking  during  the  experiment.  It  should 
be  emphasized  that  for  wind  tunnels  in  general,  including  the  steam- type,  which 
operate  with  deep  vacuums  in  the  exhaust  chamber,  expecially,  the  questions  con¬ 
cerning  the  sealing  play  a  paramount  role.  However,  a  detailed  description  of  the 
design  of  the  turbine,  the  traverse  gear,  and  the  electrical  circuit  .is- ;not  within 
the  scope  of  this’ book. 

§  15.  MEASURING  DEVICES  OF  EXPERIMENTAL  TURBINES'- 

Experimental  turbines  Have  two  independent  measuring  systems:  an,  operational 
one  and  an  experimental  one.  The  operational  measuring  system  practically  does  not 
differ  at  all  from  the  conventional  type  used  in  turbine  units.  It  can  be  put 
together  by  the  usual  operational  instruments  of  class  1.5  to  2.5  and  it  is  used  to 
control  the  operation  of  a  machine  on  the  whole  and  for  a  rough-  approximation  of 
the  necessary  parameters  for  an-  experiment. 

The  experimental  system  provides  exact  measurement  of  the  various,  parameters 
that  are  necessary  for  the  specific  investigation.  It  should  be  sufficiently 
flexible,  reliable,  and  simple  to  assemble,  since  in  various  investigations  the 
number  of  measurement  points  of  various  parameters  can  vary  from  15-20  to  80-100 
and  more. 

let  us  consider  in  greater  detail  the  measuring  devices  and  instruments  of 
the  experimental  system. 

Measurement  of  temperatures  is  possible  by  various  methods.  In  the  PGT 
laboratory  at  MEI,  with  experimental  steam  turbines,  they  measure  the  stagnation 
temperature  TQ  in  front  of  the  nozzle  cascade.  Considering  this  to  be  the  base 
temperature,  the  temperature  fields  in  the  clearance  and  behind  the  rotor  are 
measured  by  the  differential  method,  which  gives  maximum  accuracy. 

In  principle,  the  base  temperature  can  be  the  temperature  at  any  point  of  the 
flow  passage;  however,  maximum  accuracy  of  measurements  Is  attained  in  the  region 
of  minimum  velocities.  In  the  steam  box  the  velocities  of  the  working  medium  are 
minimum;  therefore,  it  in  the  place  that  houses  the  base-temperature  collectors. 

The  MEI  measures  the  base  temperature  with  platinum  resistance  thermometers  whose 
cases  contain  junctions  of  control  and  differential  thermocouples.  The  steam  boxes 
of  various  machines  contain  5  to  8  of  these  heat  collectors. 


The  meters  used  in  various  experiments  are  high-precision  laboratory- type 
and  standard  automatic  electronic  bridges  and  potentiometers.  They  are  checked 
with  the  help  of  normal  elements  and  standard  resistance  coils  of  the  first  class. 
A  schematic  diagram  of  the  arrangement  of  heat  collectors  and  pressure  measurement 
on;  the  0T-3  turbine  is  shown  in  Fig;  83. 


Fig.  83.  Schematic  diagram  for  measuring  pressures  and  temperatures  in  the  ex¬ 
perimental  turbine  3T-3  MSI:  1  —  heater  column;  2  —  liquid-column  battery 
manometer;  3  —  liquid-column  base-pressure  manometer;  4  —  tank  for  battery 
manometer. 

The  measurement  of  pressure!  due  to  the  large  quantity  of  measurement  points, 
is  the  most  tedious.  Since  the  requirements  for  the  accuracy  of  pressure  measurement 
are  very  strict,  in  most  cases  it  is  necessary  to  use  battery-type  liquid-column 
manometers,  filled  with  water  or  tetrabromoethane^  and  only  at  pressures  of  the 
order  of  2  bar  is  the  use  of  standard  manometers  of  class  0.2  or  O.35  possible. 

In  principle ,  the  systems  of  pressure  measurement  for  air  and  steam  are 
identical.  Their  distinction  consists  only  in  the  way  the  connections  are  arranged, 
which  is  caused  by  the  condensation  of  steam  in  the  pulse  lines. 

Figure  83  gives  the  schematic  diagram  for  measuring  pressures  in  the  3T-3 
turbine.  In  this  turbine  it  is  necessary  to  measure  the  pressure  in  four  sections: 

1.  Section  I-I.  Total  stagnation  pressure  p0I  is  measured  at  eight  equidistant 
points  on  the  mid-diameter  of  the  nozzle  cascade  40  mm  from  the  leading  edges  of 
the  blades  (Tqi(I-8)  in  Fig.  83). 

In  the  entire  system  of  pressure  measurement  the  connections  inside  and  outside 
the  machine  from  the  sampling  points  to  the  heater  column  1  are  strictly  horizontal. 
Further,  tubes  from  various  points  are  introduced  into  the  heater  column  at 
different  levels  and  lifted  inside  the  column  to  a  common  level  of  H  =  2  m 
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(horizontal  plane  A-A). 

The  connections  from  the  column  outlet  (point  E)  to  the  entrance  to  the 
measuring  tubes  of  the  battery  manometer  2  are  arranged  in  the  plane.  AA.  Since 
the  condensed  steam,  .which  builds  up  in  the  horizontal  sections  of  the  measuring 
connections,  does  not  introduce  an  error  into  the  measurements,  and  the  vertical 
sections,  which  pass  inside  column  i,  are  heated  up  by  live  steam  and  therefore 
are  free  from  the  accumulation  of  condensed  steam,  possible  condensation  in  the 
connecting  lines  does  not  distort  the  value  of  the  measured  pressures. 

One  of  the  points,  is  selected  as  the  base,  and  the  absolute  value  of 

]?01I  is  measured  by  the  liquid-column  manometer  3  with  as  much  accuracy  as  possible. 
Further,  the  pressure  p01I  of  the  horizontal  pipe  is  fed  into  the  tank  4  of  the 
liquidrcolumn  battery  manometer  2. 

Consequently,  all  measurements  of  pQI,  P0II,  P1II,  and  P2 jj  in  the  flow 
•passages  are  conducted  by  the  differential  method  with  respect  to  the  base  pressure 

poir 

2.  Section  II- II.  Static  pressure  P0jj  CT  (9-1 6)  is  measured  at  eight  points 
(4  in  the  root  and  4  in  the  upper  cylindrical  sections  at  90°)  and  the  total 
stagnation  pressure  Pqu  (17-32)  is  measured  at  16  points  (8  on  the  mid-diameter, 

4  on  the  root,  and  4  on  the  upper  section  at  equal  distances).  • 

3.  Section  III- III.  Static  pressure  with  respect  to  nozzle  cascade  pitch 
P1II  (33-46)  is  measured  by  means  of  draining  the  cylindrical  bypasses  of  one 
channel  in  seven  points  of  the  root  and  seven  points  of  the  upper  section. 

4..  Section  IV- IV.  Static  pressure  P2u  CT  (47-62)  is  measured  at  eight  points 
of  the  upper  and  eight  points  of  the  root  sections  of  the  last  stage. 

Besides  the  described  system,  systematic  investigations  and  the  solution  of 
certain  special  problems  employ  moving  probes  for  p*  and  pCT,  which  give  the  distri¬ 
bution  of  the  indicated  parameters  along  the  height  of  the  blade  under  investigation. 

For  measurement  of  the  speed  of  rotor  rotation,  experimental  turbines  are 
equipped  with  indicating  tachometers  and  integrating  speedometers. 

The  tachometer  is  used  to  monitor  the  operating  conditions  of  the  turbine,  but 
for  the  accuracy  of  even  the  best  operational  tachometers  is  Insufficient;  therefore, 
domestic  machines  widely  employ  various  types  of  meters  to  integrate  the  speed  in 
a  defined  interval  of  time. 

The  most  convenient  to  use  are  electrical  teletachometers  and  decimal 
electronic  counters  which  are  fed  from  an  induction  transmitter, 
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The  simplest  transmitter  of  a  meter  is  a  magnetic  system  with  field  coils  and 
measuring  coils.  The  clearance  in  the  magnetic  system  is  periodically  changed  by 
a  cam  that  rests  on  the  shaft.  This  leads  to  a  change  of  the  magnetic  flux  in 
the  magnetic  circuit  of  the  transmitter  and  the-  appearance  of  a  peak-like  emf  in 
the  measuring  coil. 

Peaks  of  defined  polarity  are  fixed  by  an  electronic  counter  during  the  time 
of  the  ; experiment. 

For  measurement  of  the  fiow  rate  during  experiments  with  steam,  the  greatest 
accuracy  (AG  ~  0.1#)  and  reliability  can  be  obtained  by  using  condensed  steam 
measuring  tanks.  Venturis  may  be  recommended  when  chokes  are  employed  in  the  air- 
supply  system.  During  operating  in  a  supercritical  regime,  the  venturis  ensure 
sufficient  accuracy,  especially  for  calibration  of  superheated  steam  with  the  use 
of  measuring  tanks. 

Measurement  of  torque  with  high  accuracy  is  a  rather  complicated  problem. 

It  may  be  solved  by  using  torsion  dynamometers  of  various  designs  or  loading 
devices  with  a  "weighted"  stator.  The  second  method  at  present  ensures  the  greater 
accuracy;  however,  it  leads  to  considerable  complication  of  the  machine  design. 

With  the  correct  diesigning  of  the  machine,  the  use  of  floating  hydraulic 
bushings  and  special  weight  heads  with  damping  devices,  torque  can  be  measured 
with  an  error  of  0.1  to  0.15#  in  the  zone  of  optimum  moments  for  the  selected  type 
of  loading,  device . 

§  36.  METHODS  OF  TESTING -AND- MEASUREMENT  ON  EXPERIMENTAL  TURBINES 

The  procedure  for  setting  up  the  main  problems  to  be  solved  on  experimental 
turbines  is  given  below.  This  procedure  has  been  used  at  the  MEI  laboratory  for 
a  number  of  years.  The  testing  of  a  stage  includes  a  series  of  experiments,  each 
of  .which  Is  given  a  constant  value  of  e  =  Pg/P0«  An  experiment  is  conducted  with 
a  variation  of  rotor  speed  from  n^  to  nmax,  In  this  case,  nm^n  is  determined 
by  the  least  required  value  of  u/c^;  nmax  is  determined  either  by  the  maximum 
required  value  of  u/c^,  or  in  certain  cases,  by  the  strength  of  the  stage  being 
tested.  Fixation  of  parameters  during  the  experiment  is  produced  in  6  to  10  points, 
each  of  which  is  assigned  a  specific  speed. 

At  each  point  the  values  of  the  measured  parameters  are  recorded  5  to  10 
times.  After  making  the  recordings,  the  speed  is  changed  by  adjusting  the  loading 
moment  of  the  water  brake,  and  after  a  pause  which  is  necessary  for  stabilizing  the 
regime,  the  following  cycle  of  measurements  begins.  The  measurement  cycle  is 
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produced  in  a  strictly  defined  period  of  tine,  during  Which  the  measuring  tank  of 
condensed  steam  and  the  integrating  tachometer  is  turned  on. 

The  values  p^,  T0^,  and  p^  that  are  obtained  for  each  point  i  are  averaged 

jmi 

2  a* 

according  to  the  known  formula  A  ^ — .  where  a  is  the  number  of  measurements  in 

the  selected  time  interval.  « 

Further  calculations  of  stage  parameters  are  conducted,  c>n  the  basis  of  the 
averaged  results.  The  flow  rate  and  velocity  of  rotation  are  measured  in  the 
form  of  total  quantities  Gg  and  hff  during  the  time  of  the  experiment  At,  whereby 
G0  -  GAt  and  nQ  =  nAt. 

On  the  basis  of  the  averaged  values  of  p^,  TQ,-  and  pg  the  available  heat  drop 
of  the  stage,  hQ,  is  calculated. 

One  of  the  main  results  of'  stage  tests  is  the  obtainment  of  the  dependence 

i 


The  internal  relative  efficiency  and  u/c^  are  calculated  by  the  following 
formulas : 

Mgjti 


>  -  vmk  "iU/c* = ’ 


where  MKp  is  the  torque  in  m(NTP) ; 

n  is,  the  speed  of  rotation  in  rps; 

G  is  the  flow  rate  in  kg/sec; 
hQ  is  the  heat  drop  in  kj/kg. 

When  conducting  the  experiment  it  is  more  convenient  to  use  the  following 
formula; 
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which  somewhat  simplifies  the  calculation  and  makes  it  more  exact.  In  this 
case  the  results  of  the  Investigation  are  presented  in  the  form  of  tables  or 
graphs  which  are  similar  to  those  shown  in  Figs,  84  and  85. 

For  investigation  of  the  reaction  distribution  in  a  stage,  it  is  necessary 
to  know  the  static  pressure  behind  the  nozzle  cascade,  p^.. 


Tills  pressure  in  the  simplest  case  is  measured  by  means  of  draining  along  the 
pitch  of  the  nozzle  cascade  in  the  upper  and  root  sections.  The  pressure  field  at 


o 
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the  cascade  exit,  which  Is  shown  in  Fig.  84,  is 
distinguished  by.  considerable  irregularity  with 
respect  to  pitch;  therefore,  to  avoid  errors  in  the 
measurement  of  the  degree  of  reaction,  drainage 
must  not  be  replaced  by  one  point  for  sampling 
pressure. 

For  determination  of.  the  mean  values  of  pressure 
p^n  and  P1K  in  the  upper  and  root  secticns,  it  is 
possible  to  use  the.  following  known  formula: 


Fig.  84.  Graphs  of  the 
variation  of  static  pressure 
in  the  root  plxvand  periph¬ 
eral  pin  sections  of  a 

nozzle  cascade  with  respect 
to  pitch  x  and  the  velocity 
ratio  u/c.:  i)  u/c^  « 

=  0.254;  2)  0.304;  3)  0.329? 
4)  0.370;  5)  0v42  (according 
to  MEI  exneriments  at  e  * 

=  O.65).  * 


where  z  is  the  number  of  drainage  points,  which 
ranges  .from  5  to  10, 

In  the  investigation  of  stages,  of  considerable 
interest  is  the  study  of  the  change  of  the  flow 
rate  coefficient  from  u/c^  and  s  (or  M). 

On  the  basis  of  experimental  data,  it  is  easy 
to  determine 
Mr  ° 


BfiVwr,  * 

where  q  -is  the  given  flow,  rate  of  gas;  B  =  0.661  for  k  =  1.3,  and  B  =  0.674  for 
k  =  1.4. 

When  e  s  e#  and  q  =  1,  this  formula  gives  the  value  of  p.  for  p.^. 

According  to  the  results  of  an  experimental  investigation  conducted  by  MEI, 
when  e  =  const,  p.^  =  f^/c^).  The  investigations  established  that  when  >  e„, 
pq  decreases  as  x^  increases .  These  changes  can  be  explained  by  the  growth  of 
the  reaction,  which  leads  to  a  decrease  of  the  pressure  drop  in  the  nozzle  cascade 
(an  increase  of  =  P3./P0)'  and  consequently,  also  to  a  decrease  of  q. 

For  the  characteristics  of  a  stage,  considerable  interest  is  stimulated  by  an 
investigation  of  the  influence  of  leakages  through  the  diaphragm  seals.  When 
setting  up  this  experiment,  the  chamber  between  the  rotor  and  the  diaphragm  (with 
a  cantilever- type  shaft  design)  is  fed  a  certain  amount  of  steam,  55  =  AG/Gq 
(Qq  Is  the  flow  rate  of  steam  through  the  nozzle  cascade),  with  an  initial  tempera¬ 
ture  Tq. 
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Fig.  85.  Dependence  of 
internal  efficiency  q0i 

on  velocity  ratio  x*  and 

diaphragm  leakages  = 

=  1  —  AG  =  0$;  2  — 

U0 

1.2%;  3  -  2 M;  4  -  3.6% 
(MEI  experiments). 


The  results  of  this  investigation  are  shown  in 
Fig.  85.  This  graph  distinctly  illustrates  how  the 
efficiency  of  a  stage  drops  as  the  diaphragm  leakage 
increases. 

The  graphs  in  Fig.  85  were  constructed  according 
to  MEI  experiments  conducted  at  MQ  =  O.58  and  e  =  0.8. 

In  an  experimental  investigation  of  turbine  stages, 
.  as  already  noted  above,  of  great  interest  is  the  study 
of  the  influence  of  the  Re  number  on  the  stage 
characteristics.  This  is  especially  important  in  the 
investigation  of  the  last  stages  of  steam  turbines, which 
can  operate  outside  the  region  of  self-similarity. 

On  the  other  hand,  in  any  investigation  of  stages, 
the  manifestation  of  the  region  of  Reynolds  self¬ 


similarity  answers  the  question  of  the  possibility  of  extending  the  experimental  data 
of  a  model  to  actual  stages,  and  therefore  it  is  absolutely  necessary.  Since  the 
characteristics  of  a  stage  depend  on  Re  and  M,  in  the  investigation  of  the  influence 
of  Ke  it  is  necessary  to  maintain  e(MQ)  =  const. 

This  condition. is  comparatively  easy  to  fulfill  during  operation  with  an 
experimental  steam  turbine  that  has  a  condensing  unit. 

The  results  of  corresponding  experiments,  conducted  with  one  of  the  experimental 
steam  turbines  of  MEI,  were  shown  earlier  in  Fig.  72.  It  was  established  for  a 
group  of  stages  that  the  region  of  self-similarity  corresponds  to  the  following 
numbers:  Re  >  (3.0  to  6.0)*10^  and  Re.t  >  (1.2  to  1.5)*lo5  [see  §  13]. 

These  data  coincide  well  with  the  known  magnitudes  of  ReaBTM  that  were  obtained 
during  static  investigations  of  cascades  (see  Chapter  I),  with  the  observance  of 
similarity  for  all  the  basic  criteria  (M,  Re,  and  Eq). 

However,  they  cannot  be  extended  to  the  last  stage  of  condensing  turbines,  in 
which  the  steam  flow  is  characterized  by  large  M  numbers  and  low  values  of  Re. 

The  influence  of  Re  numbers  at  high  (including  supersonic)  velocities  has  not  yet 
been  sufficiently  studied. 

The  reliability  of  the  obtained  data,  which  estimates  the  influence  of  Re,  is 
determined  to  a  considerable  extent  by  the  design  of  the  experimental  turbine,  the 
procedure  employed,  and  the  measurement  systems.  The  MEI  uses  machines  in  which 


bearing  losses  have  been  eliminated  for  conducting  their  systematic  investigations. 
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CHAPTER  IV 

RESULTS  OF  THE  INVESTIGATION  OF  SINGLE-WHEEL  STAGES  WITH  FULL  INPUT 

§  17.  SCHEMATIC  DIAGRAMS  OP  SINGLE  STAGES 

Single-wheel  turbine  stages  can  be  of  the  impulse  and  reaction  type.  Stages 
of  the  Impulse  type  are  formed  by  the  nozzle  cascade,  which  is  mounted  in  the 
diaphragm  (or  in  the  form  of  special  assembly  sections),  and  the  moving  cascade. 

The  Impulse  stages  used  In  steam  turbines  are  unregulated  and  are  called  chamber 
stages  because  of  their  design;  they  are  frequently  called  pressure  stages,  also. 

The  nozzle  and  moving  cascades  in  the  stages  of  impulse  steam  turbines  are  of 
various  types.  They  differ  in  profile  shape  and  width,  the  entrance  conditions 
(usually  the  entrance  angles  of  flow),  the  technology  of  manufacture,  and  the 
methods  of  connecting  the  profiles  to  the  cascade,  etc. 

The  reaction  in  an  impulse  stage  can  be  positive  (equal  to  zero)  and  negative 
(when  the  pressure  behind  the  stage  is  higher  than  the  pressure  behind  the  nozzle 
cascade).  When  speaking  of  the  reaction  of  a  stage,  usually  the  mean  reaction  is 
implied.*  Impulse  stages  can  have  a  considerable  reaction.  Especially  great  a^e 
the  reactions  in  the  last  stages  of  condensing  turbines  with  small  d/l  ratios. 

As  a  rule,  these  stages  are  not  manufactured  with  cylindrical  blading,  but  with 
specially  profiled  blading.  These  stages  are  considered  in  Chapters  VII  and  VIII. 

Reaction  stages  are  designed  with  a  mean  reaction  that  is  equal  or  close  to  0.5. 
The  profiles  of  the  stationary  and  moving  blades  of  these  stages  usually  have 
identical  chords  and  are  congruent.  Stationary  cascades  are  mounted  directly  in 

•The  mean  reaction  is  discussed  in  detail  on  p.  19*1  . 
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the  housing  or  its  casing  (Fig.  86a).* 
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Fig.  86.  Typical  diagrams  of  turbine  stages: 
a)  reaction  stage  of  KhTGZ  turbine;  b)  regu¬ 
lating  stage  of  LMZ  turbine;  c,)  intermediate 
impulse  stage  of  TM-Z  turbine. 

The  last  stages  of  reaction  condensing  turbines,  from  the  point  of  view  of 
aerodynamics  of  flow  and  calculation,  do  not  differ  from  the  analogous  stages  of 
impulse  turbines. 

Inasmuch  as  most  stationary  turbines  that  are  manufactured  at  domestic  plants 
are  of  the  impulse  type,  this  book  is  concerned  mainly  with  stages  of  this  sort. 

At  the  same  time,  many  of  the  questions  considered  in  the  book  can  also  be 
referred  to  the  reaction  stages  of  steam  and  gas  turbines  with  equal  sucess. 

Single-wheel  stages  can  be  both  regulating  and  unregulated  as  well. 


*Figure  86a,  does  not  show  the  holes  for  passage  of  the  cooling  steam  which 
are  foreseen  in  the  turbine  design  [122], 
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Many  combinations  of  single-wheel  stages  were  investigated  in  experimental  tur¬ 
bines.  These  investigations,  which  were  conducted  at  MEI,  KTZ,  LMZ,  TsKTl,  LKZ,  HZI~ 
BITM,  and  others,  showed  the  advantages  of  new  cascades  and  combinations,  and  made 
it  possible  to  find  best  geometric  parameters  of  the  stages.  Tests  of  regular 
turbines  installed  at  electric  power  plants  also  confirmed  an  increase  of  economy 
after  replacing  the  old  blading  with  the  new  type. 

The  design  of  the  passage  area  of  an  impulse-type  single-wheel  stage  is 
determined  by: 

1) -  the  cascades; 

2)  the  combination  of  cascades; 

3)  the  relationship  between  the  geometric  characteristics  of  the  cascades; 
the  relationship  of  the  areas,  angles,  and  heights; 

4)  the  axial  clearances  (open  and  closed),  the  stage  sealing,  the  presence  and 
size  of  discharge  holes; 

5)  the  admission  of  the  stage;* 

6)  the  design  of  the  stage  elements  (diaphragm,  blade  shroud,  and  others)  and 
the  manufacturing  technology  of  the  cascades. 

Figure  86b,  and  c,  shows  typical  geometric  diagrams  of  impulse- type  regulating 
and  intermediate  stages  of  a  high-pressure  turbine.  Some  other  types  of  stages  are 
represented  in  Figs.  56,  119,  132,  134,  136,  and  138. 

The  selection  of  a  geometric  diagram  for  a  stage  depends  on  many  factors,  the 
main  ones  of  which  include: 

1)  the  function  of  the  stage,  e.g.,  regulating  or  unregulated; 

2)  the  approximate  value  of  d/l,  which  is  determined  in  the  first  place  by  the 
volume  flow  rate  of  the  working  medium  and  the  rotor  speed; 

3)  the  absolute  height  of  the  cascades; 

4)  the  operating  conditions  of  the  stage,  l.e.,  the  pressure  ratio  e  =  P2/Po' 


I  I  \ 


the  velocity  ratio  u/c^* 


1  1  and  for  stages  that  operate  in  a  range  of  low 

/2h0  +  05 


pressures,  the  Re  number,  moisture  content  of  the  steam  and,  in  certain  cases,  the 
conditions  of  steam  entrance  to  the  stage  (angle  aQ  and  the  irregularity  of  flow 
along  the  height); 


•Stages  with  partial  steam  input  are  considered  Separately  in  Chapter  VI. 
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5)  the  possibility  of  further  using  the  kinetic  energy  of  the  outlet  velocity; 

6)  the  possibility  of  changing  the  operating  conditions  of  the  stage; 

7)  the  admission  of  the  stages  and  the  quantity  of  nozzle  arcs,  (including  the 
gap  between  nozzle  sets); 

8)  the  possibilities  of  the  stage  sealing; 

9)  the  strength  conditions  of  the  stage  elements  (blades,  disk,  diaphragm); 

10)  the  technology  of  manufacture  of  the  blading  and,  in  particular,  the  design 

of  the  diaphragm. 

Let  us  consider  the  influence  of  these  factors. 

1.  The  regulating  stages’  has  its  own  distinctive  features;  namely:  a)  partial 
steam  input  through  several  nozzle  arcs;  b).  variable  heat  drop,  and  consequently, 
variation  of  e  and  u/c^;  c)  steam  leakage  through  the  front  end  seal;  d)  connection 
of  nozzles  to  separate  sections;  e.)  increased  chords  of  rotor  blades,  (in  the 
majority  of  cases). 

2.  The  magnitude  of  0  =  |  renders  a  large  influence  on  stage  design.  For 
small  d /l,  usually  when  d/J  <  6  to  12,  the  moving  blades,  and  sometimes  the  nozzle 
blades  also,  have  a  varying  profile  height.  Even  at  large  9,-  when  there  is  no 
need  for  twisting  the  stage,  9  determines  the  selection  of  the  mean  reaction  of  the 
stage,  i.e.,  the  ratio  of  cascade  areas.  The  smaller  d/l  is,  the  higher  the  reaction 
at  the  periphery,  the  more  important  the  sealing  of  the  outer  open  clearance  and 

the  Installation  of  the  seals  of  the  blade  shroud.  ' 

3.  In  the  first  stages  of  turbines  it  is  necessary  to  make  the  stages  with 
low  absolute  cascade  heights.  This  creates  additional  requirements  for  the  stage 
design:  a)  a  decrease  in  the  chord  of  the  nozzle  and  moving  cascades,  taking 
reliability  into  account.  This  decrease  of  chord  should- be  accomplished  to  definite 
limits,  when  it  gives  an  Increase  in  stage  economy  (see  §§  10  and  22).  The 

narrow  nozzle  blades  in  high-pressure  stages  frequently  require  diaphragms  of 
special  design;  b)  for  nozzle  and  moving  cascades  with  low  relative  heights, 
special  profiling  methods  should  be  employed,  in  particular,  meridional  profiling, 
modified  profiles  of  rotor  blades,  and  others;  c)  for  low  heights,  an  essential 
Influence  on  economy  (and  also  reliability)  is  rendered  by  the  accuracy  and 
technology  of  manufacture;  d)  for  low  cascade  heights,  there  is  an  Increase  in  the 
relative  size  of  the  clearances  in  the  stage.  Therefore,  such  a  stage  should  be 
thoroughly  sealed.  Inasmuch  as  steam  leakages  over  the  shroud  depend  on  the 
reaction,  small  reactions "3hould  be  selected  for  these  stages. 
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H.  The  operating  conditions  of  the  stage  mainly  determine  the  selection  of 
cascades.  At  supersonic  and  transonic  velocities,  cascades  designed  for  high 
economy  under  such  conditions  should  be  selected.  Various  stages  have  different 
values  of  the  optimum  velocity  ratio  u/c^.  This  also  should  be  considered.  In 
particular,  an  increase  of  the  reaction:  increases  the  optimum  ratio  u/c^  On  the 
other  hand,  considerable  additional  losses  (due  to  friction,  steam  leakage  and, 
with  partial  input,  losses  connected  with  partial  admission)  lower  the  optimum 
value  of  u/c^.  If  the  stage  preceding  the  one  under  consideration  operates  with 
a  small  u/c^  ratio,  angle  aQ,  the  angle  of  entrance  of  steam  into  the  stage,  will 
be  considerably  lower  than  90°.  In  this  case  the  nozzle  cascades  should  be 
designed  for  conditions  of  work  at  a  small  aQ  angle.  The  irregularity  of  the 
parameters  of  velocity  and  its  direction  with  respect  to  height  also  must  be 
considered  during  the  designing  of  a  nozzle  cascade. 

5.  If  a  stage  whose  kinetic  energy  cannot  be  further  utilized  (a  regulating 
stage,  e.g. ,  the  last  stage  of  a  turbine  or  cylinder,  a  stage  before  a  sudden 
change  in  diameter,  and  so  forth)  is  being  designed>  it  is  desirable  that 
the  output  loss  be  reduced  to  a  minimum.  In  particular,  the  angle 
of  direction  of  the  outlet  velocity  from  the  last  stage  of  a  set  should  be  close 
to  (90°  +  P2)  and  90°  for  some  stages.  For  these  stages,  angle  should  be  the 
smallest  of  those  which  provide  a  sufficiently  high  economy.  In  the  first  approxi¬ 
mation  one  may  assume  that  the  relative  loss  with  the  outlet  velocity  is  equal  to 

tt.e  —  Gi¬ 

ft.  If  it  is  known  for  certain  that  a  given  stage  will  be  operating  with  a 
change  of  conditions  (turbine  stages  with  variable  speeds,  regulating  stages,  and  the 
last  stages  of  all  turbines),  it  should  be  selected  in  such  a  way  (and  in  particular, 
its  cascades)  as  to  ensure  economic  stability  in  the  entire  considered  range  of 
conditions.  Proceeding  from  varying  conditions,  such  stage  characteristics  ?s  u/c^ 
and  p,  for  design  conditions,  sometimes  are  expediently  selected  as  noneptimum. 

7 •  '-The  admission  of  steam  requires  a  special  calculation  of  the  ~ratio  of 
cascade  areas,  a  moderate  reaction,  a  lowering  of  the  velocity  ratios  u/c^  and, 
for  decreasing  the  losses,  special  protection. 

8.  Clearance  seals  are  useful  in  any  stages,  since  they  reduce  parasitic  steam 
leakages  and  increase  the  economy  of  the  stage.  However,  in  a  number  of  cases  the 
seals  of  a  stage,  especially  the  seals  of  the  open  axial  clearances  and  the  radial 
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clearance  over  the  shroud,  complicate  the  turbine  design,  assembly,  and  operation. 

In  connection  with  this,  stringent  requirements  should  be  placed  on  the  clearances 
only  where  it  Is  actually  necessary.  At  the  same  time,  if  it  is  not  possible  to  * 
seal  a  atage  very  well,  it  is  necessary  to  work  out  its  design  in  such  a  way  so 
as-  not  to  considerably  lower  the  stage  efficiency;  It  should  be  recalled  that 
stage  seals  influence  not  only  economy,  but  also  the  magnitude  of  axial  stress. 

Diaphragm  seals,  which  are  installed  in  all  chamber-type  stages,  on  the  one 
hand,  reduce  parasitic  steam  leakage  past  thei  nozzle  cascade,  and  on  the  other 
hand,  they  decrease  the  suction  of  steam  into  the  moving  cascade  through  the  open 
root  clearance.  An  increase  in  leakage  through  a  diaphragm  seal  increases!  the 
axial  stress  in  the  stage.  BITM  experiments  [5]  also  showed  that  leakage  through 
this  seal  increases  the  disk  friction  losses.  The  relative  magnitude  of  this  leakage 


to  the  area  of  the  nozzle  cascade  F1# 

The  ratio  F^  3Kfi/F1  is  especially  great  in  the  first  stages  of  turbines,  where 
the  volume  flow  rate  of  gas,  and  consequently  also  F^,  are  small.  In  these  stages 
It  is  necessary  to  increase  the  number  of  strips  of  the  diaphragm  seal  with  minimum 
clearances  on  the  sharp  edges  [97] >  [126]. 

The  discharge  holes  in  disks  make  it  possible  to  essentially  lower  the  negative 
influence  of  this  steam  leakage  on  the  process  in  the  moving  cascade.  It  is 
necessary,  however,  to  consider  that  a  very  large  area  of  discharge  holes  will  lead 
to  suction  from  the  chamber  behind  the  disk  into  the  moving  cascade.  Unfortunately, 
it  is  impossible  to  exactly  calculate  the  optimum  area  of  the  discharge  holes 
practically,  since  this  requires  a  knowledge  of  all  the  clearances  in  the  stage 
and  Its  reaction  with  a  high  accuracy.  The  limiting  area  of  discharge  holes  is 
found  by  the  formula 


The  designations  adopted  in  this  formula  and  the  computation  of  the  necessary 
magnitudes  are  found  in  §  12. 

Sealing  on  the  periphery  of  a  stage  is  especially  necessary  in  stages  with 
small  cascade  flow  areas  and  with  a  large  reaction  on  the  periphery.  If  it  is  not 
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possible  to  seal  a  stage  on  the  periphery  very  well,  a  snail  stage  reaction  must 
be  employed,  although  this  can  sometimes  lower  the  efficiency,  which  is  calculated 
without  leakages.  It  should  be  indicated  that  radial  shroud  seals  are  of  value  only 
if  the  clearance  in  them  is  less  than  the  upper  open  clearance  or,  at  least,  of 
the  same  order  (for  greater  detail,  see  §§  12  arid  22). 

9.  The  stringent  requirements  of  reliability  determine  many  dimensions  of  a 
stage.  First,  the  width  of  the  rotor  blades;  as  a  rule,  is  determined  by  strength. 
Secondly,  the  thickness  of  the  diaphragm  and  its  design  also  depends  on  strength. 
Thirdly,  the  conditions  of  reliability  frequently  determine  the  full  axial  clearances 
in  a  stage  (the  distance  between  the  trailing  edges  of  the  nozzles  and  the  leading 
edges  of  the  blades).  As  shown  by  experiments,  full  clearances  within  known  limits 
do  not  render  a  noticeable  influence  on  economy  (and  sometimes  it  is  even  favorable 
to  increase  then);  at  the  same  time,  large  axial  clearances  increases  the  vibrational 
reliability  of  the  rotor  blades.  Fourth,  the  requirements  of  vibrational 
reliability  force  the  application  of  lacing  or  damping  wire,  and  sometimes  in  the 
places  where  these-  wires  are  installed  it  is  necessary  to  thicken  the  profile. 

These  circumstances  lower  the  economy  of  the  stage. 

It  is  especially  unfavorable  to  install  a  wire  shroud  in  short  blades,  which 
is  applied  sometimes  for  removing  type  "B"  vibrations.  In  this  case  the  flow  over 
the  entire  cascade  is  essentially  disturbed. 

The  installation  of  stellite  cover  plates  for  protection  from  blade  erosion 
in  stages  that  operate  In  a  moist  steam  region  frequently  disturbes  the  shape  of 
the  profile,  which  naturally  lowers  the  conditions  of  flow  in  the  cascade. 

Therefore,  stellite  cover  plates  as  much  as  possible  should  be  placed  flush  with 
the  profile  or,  at  least,  without  abrupt  transitions  which  cause  separation  of  flow. 

10.  The  technology  of  blading  manufacture  renders  a  large  influence  on  the 
effectiveness  of  a  stage.  Although  there  are  still  no  sufficient  experimental 
materials,  an  increase  in  the  quality  and  accuracy  of  manufacture  of  profiles  and 
internal  surfaces  of  end  walls,  all  the  same,  is  undoubtedly  important.  Stage 
economy  is  lowered  by  the  following  deviations  in  the  manufacture  of  blading:  a) 
deviations  in  dimensions  of  separate  channels  (height,  pitch,  angle);  b)  non- 
obsorvanco  of  the  diameters  of  nozzle  and  moving  cascades,  which  leads  to  a  change 
of  the  internal  and  external  overlaps;  c)  thickened  trailing  edges;  d)  raised 
roughness;  e)  an  essential  change  of  cascade  pitch  in  the  disassembly  points  of  the 
diaphragm  and  in  the  locked  rotor  blade;  f)  looseness  between  shrouds  of  the 

assembled  nozzle  cascade  and  gaps  between  the  shrouds  of  the  rotor  blades;  g)  loose 
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adhesion  of  blade  shroud  to  profile,  and  others. 

All  this  can  essentially  lower  the  efficiency  of  a  stage.  The  technology 
of  manufacture  of  welded  diaphragms  frequently  does  not  make  it  possible  to  obtain 
a  sufficient  accuracy  for  all  channels  of  the  nozzle  cascade,  especially  with  low 
heights.  The  cast-iron  diaphragms  with  lined  nozzle  blades,  which  are  employed  in 
stages  with  low  steam  temperature,  also  have  their  peculiarities:  high  roughness 
of  the  bounding  surfaces  and  low  accuracy  in  channel  dimensions. 

It  should  be  indicated  that  a  deviation  in  blading  dimensions  leads  not  only 
to  increased  cascade  losses,  but  also  causes  a  change  of  the  reaction  and,  in 
connection  with  this,  a  change  of  the  leakages  and  the  axial  stress.  Both  welded 
and  cast  diaphragms  have  channels  with  restriction  on  the  root  and  peripheral  radii 
along  the  circumference;  milled  nozzle  cascades  usually  are  bounded  by  straight  lines. 

§  18.  INFLUENCE  OF  THE  BASIC  PERFORMANCE  PARAMETERS  ON  THE 
EFFICIENCY  OF  A  STAGE 

The  basic  characteristic  of  a  stage  is  the  efficiency  which  considers  all  the 
losses,  e.g.,  relative  internal  efficiency,  r^.  Relative  internal  efficiency  is 
usually  defined  as  the  difference  of  the  relative  blade  efficiency,  and  the 

sum  of  all  additional  losses: 

(104) 

Relative  blade  efficiency  can  be  expressed  analytically  by  the  following 
formula: 

2A‘^[<pco.\<p,  V  l  —  <►  f-  tcosp,  Y*  +  (ij')*—*#]*  (105) 

where 

x*  “  7”^  (-~)J  “  “  9)  +  4  ~  2<F*cosat 

Direct  use  of  the  results  of  static  investigations,  especially  the  results 
of  static  tests  of  two-dimensional  cascades,  in  a  number  of  cases  can  lead  not  only 
to  errors,  but  also  to  incorrect  qualitative  conclusions.  It  is  especially  difficult 
to  directly  use  the  results  of  static  investigations  of  cascades  during  variable 
operating  conditions  of  the  stage,  when  it  is  necessary  to  know  the  velocity 
coefficients,  depending  upon  the  M  numbers,  and  in  certain  cases  also  on  the  Re 
number.  It  is  also  necessary  to  consider  the  change  in  conditions  of  entrance 
to  the  cascade.  A  change  of  the  reaction  of  the  stage  influences  not  only  the 
redistribution  of  heat  drops  between  the  cascades  and  losses  with  the  outlet 
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velocity,  hut  also  the  losses  due  to  steam  leakages,  which  formula  (105)  does  not 
consider. 

The  following  example  chows  how  unreliable  It  Ls  sometimes  to  use  the::'-  kinds 


of  formulas  and  the  results  of  static  wind  tests  of  two-dlmensionsl  cascades  [06~J. 


Figure  37  presents  a  com¬ 
parison  of  experimental  data 
from  experimental  turbine 
tests  with  a  calculation  based 
on  the  results  of  investiga¬ 
tions  of  two-dimensional 
cascades'.  A  comparison 
is  made  for  a  typical  LMZ 


Fig.  87.  Comparison  of  experimental  data  with  cal-  stage  when  y/c.  =  0.54  and 
culation  according  to  the  results  of  investigations  T 

of  two-dimensional  cascades  in  an  experimental  tiir-  m  *  0.5  for  three  heights, 
bine  for  different  heights:  a)  =  16.9  mm;  b)  C1 

l±  =  29.4  mra;  c)  l±  =  47.1  mm  (LMZ  experiments).  depending  upon  the  angle  of 

x-x-x-  experimental  data,  0-0-0-  computed  values.  ,  . 

incidence  of  the  nozzle 


blades,  a ■  .  From  Fig.  87  it 

follows  that  the  curves  which  were  constructed  directly  according  to  tests  of  two- 
dimensional  cascades  in  static  conditions*  do  not  give  proper  coincidence  with  the 
results  of  experiments  in  a  turbine  even  with  respect  to  its  character  (see 
§11). 

In  connection  with-  this,  the  best  *•-  .  the  most  reliable  means  of  determining 
the  efficiency  of  a  stage  and  the  infi-ence  of  performance  parameters  on  efficiency 


are  tests  in  experimental  turbines  that  are  conducted  according  to  the  requirements 
of  the  similarity  theory  (see  §  13). 

Let  us  consider  how  the  basic  performance  parameters  influence  the  efficiency 
of  a  stage.  The  performance  parameters  include:  the  velocity  ratio  u/c^,  the 
pressure  ratio  e  =  Pg/Pg  (or  MQ  number),  and  the  Reynolds  number.  Re.  The  efficiency 
of  a  stage  is  normally  calculated  depending  upon  the  utilization  of  the  outlet 
velocity  in  the  following  stage,  i.e.,  qQiand 


♦The  values  of  efficiency  that  are  calculated  according  to  static  test  data, 
starting  from  ay  =  37°58l,  are  insufficiently  reliable,  since  there  are  no  exact 

data  on  the  losses  in  a  moving  cascade  at  large  leakage  angles.  In  this  zone,  the 
indicated  efficiency  curves  are  represents  by  a  dotted  line  (note  from  LMZ  engineer 
A.  0.  Lopatltskiy). 
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In  this  paragraph  we  shall  consider  the  dependence 


*» Rc)- 


1 i  Influence  of  Velocity  Ratios  u/c^  on  the  Efficiency  of  a  Stage 
A  change  in  the  velocity  ratio  u/c  ^  (when  e  =  const)  shows  up  in  the 
efficiency  of  a  stage  due  to: 

a)  a  change  in  the  outlet  velocity  Cg,  and  consequently,  the  magnitude  of  losses 
with  the  outlet  velocity 


t 

b)  a  change  in  the  outlet  velocity  from  the  nozzle  cascade,  c^,  in  connection 
with  a  change  in  the  reaction,  and  sometimes  the  heat  drop  in  addition;  the 

cascade  losses  also  change,  since  the  M  and  Re  numbers  change; 

C1  C1 

c)  a  change  in  the  flow  entrance  angle  and  the  velocity  w^; 

d)  redistribution  of  heat  drops  between  cascades,  inasmuch  as  the  effectiveness 
of  the  nozzle  and  moving  cascades  is  various; 

e)  a  change  in  the  losses  due  to  leakages,  which  directly  (or  indirectly 
through  the  reaction)  depend  on  u/c^; 

f)  a  change  in  the  losses  due  to  disk  friction. 

* 

For  a  specific  stage  with  its  conditions  (e  and  Re)  and  geometric  parameters 
known,  the  following  dependence  may  be  found  . 

'-'W- 

Such  a  typical  dependence  is  the  curve  that  was  shown  earlier  In  Fig..  6H.  The 
experimental  points  were  obtained  in  an  MEI  experimental  steam  turbine  for  a  K$-2-2A 
stage  at  e  =  0.7  and  e  =  0.5.  The  diameter  of  .the  stage  is  d  =  531*  nun#  =  25  mm 
(two)  radial  shroud  seals,  5p  =  1  to  1.2  mm,  and  open  axial  clearance  6&  =  1.8  mm. 
The  efficiency,  T)0i,  takes  into  account  all  losses,  including  the  losses  with  the 
outlet  velocity,  disk  friction,  and  leakage  through  the  peripheral  clearance.  The 
specific  gravity  of  various  losses  in  the  common  balance  can  vary  for  different 
stages  and  different  conditions.  Earlier,  in  Fig.  6j,  for  the  same  step  we  showed 
the  calculated  distribution  of  losses  in  this  stage.  From  the  graphs  it  is  clear 
that  the  efficiency  (in  the  considered  range  of  u/c^  )  is  determined  mainly  by  the 
losses  with  the  outlet  velocity. 

It  is  obvious  that  the  optimum  value  of  the  velocity  ratio,  xA  ,  is  of 

'J0F1T 
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much  importance  to  a  stage.  For  impulse  stages  with  cylindrical  blading,  x*. 

,  '  '  von?- 

varies,  from  6.45  to  O.55  and  depends  mainly  on  pCp  (or  on  Fg/F^  and  e),  d/l,  the 

relative  size  of  the  clearances,  and  the  disk  friction  losses.  Inasmuch  as  usually 

pCp  also  depends  on  d/t  .(for  the  selection  of  pCp  =  f  (d/l ),  see  Fig*.  112),  the 

absolute  values  of  the  clearances  in  a  group:  of  stages  change  very,  little,  and  the 

losses  due  to  disk  friction  are  functions  of  the  area  of  the  nozzle  cascade,  Which- 

in  turn  are' proportional  to  the  height  Z^,  therefore>  in  the  determination  of 

x*  it  is  possible:  to  be  governed  mainly  by  the  dependence 

wonT  ' 

** /(«./.>- 

This  dependence,  for  a  stage  with  good:  sealing  (without  meridional  profiling) 
is  represented  in  Fig.  88. 

It  should  be  considered,  that  with  the  use  of  the 

outlet  velocity  the  optimum  velocity  ratio,  x*  , 

.  vonT 

increases  somewhat,  and  the  curve  for  tj01  •  f (u/c^)  is 
more  sloping'  than  the  one  for  q0i  »  f  (u/c^,) . 

No  less  important  is  the  stability  of  stage 
efficiency,  depending  upon  u/c^,  inasmuch  as  with  a 
deviation  of  the  conditions  from  the  calculated  ones, 
this  ratio  also  changes.  But  alBo  under  rated  conditions 
it  is  frequently  necessary  to  design  the  stage  with 
u/c^  /  (u/c,£)onT,  especially  when  the  u/c^  ratio  is  lpw. 


20  W  to  to  turn 


Fig.  88.  Selection  of 
optimum  ratio  u/e^^,, 

depending  on  height  of 
nozzle  cascade  and 


moan  reaction  p 


cp* 


A  lowering  of  x^  makes  it  possible  to  develop  a 


large  hc-at  drop  with  the  same  stage  diameter  (actually, 
the  cascade  height  will  decrease  somewhat  in  this  instance,  but  this  decrease 
usually  is  very  small),  which  reduces  the  number  of  stages: 


*•  _J$. 

*  ~  4  ’ 


(106) 


If  the  number  of  stages,  and  consequently  also  the  heat  drop  of  each  stage 
remain  the  same,  then  a  decrease  of  the  calculated  velocity  ratio  makes  it 
possible  to  lower  the  diameter  of  the  stage  and  to  correspondingly  increase  the 
length  of  the  cascades.  Since  the  effect  of  cascade  height  on  the  efficiency  of  a 
stage  is  greater  than  the  effect  of  the  diameter,  then  for  a  sloping  curve  of  the 
dependence  *-•  f(x^  ),  a  cortuin  lowering  of  may  even  bo  profitable.  This 
it  should  be  added  tt at  with  a  constant  heat  drop,  the  disk  friction  losses  are 
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approximately  proportional  to  3^. 

A.  lowering  of  u/c^  may  be  especially  necessary.  For  the  acceptable  values  of 
blade  heights,  this  lowering  would  make  it  possible  to  reject  partial  steam  input. 

This  would  lead  not  only  to  an  increase  in  stage  efficiency,  but  would  make  it 
possible  to  use  the  oi'tiet  velocity  in  the  following  stage.  Generally,  in  the  case  * 
of  the  use  of  the'  outlet  velocity  Cg  or,:even  its'  axial  component  Cg^  only,  the  stage, 
efficiency  ha.s  a  more  sloping  dependence  oh  u/c^,  which  makes  it  possible  to  lower 
u/c^  with  a  greater  benefit.  It  is  necessary,  however,  to  consider- that  a  significant 
decrease  of  u/c^.  causes  an  essential  change  of  the  angle -a2.  This  ah*°  el  geccines  con¬ 
siderably  less  than  90°  and,  in  this  case,  if  we  apply  the  usual  prof:  Its  for  the 
nozzle  cascade  of  the  following  stage,  the  losses  in  it  will  increase  (for  greater 
detail,  see  §  2k) . 

Certainly,  in  stages  with  ^sufficiently  high  cascade  height,,  a  lowering  of  the 
computed  value  of  u/c^  will  not  give  an  increase  in  economy,  since  the  effect  of 
height  drops  as  l  increases;  Here,  a  decrease  of  u/c.^  can  be  justified  only  by 
simplifying  the  design. 

In  MEI  stages,  as  compared' tp  old  and  certain  new  combinations,  the  stage  effi¬ 
ciency  with  deviation  of  u/c^  from  the  computed  value  changes  in  a-  much  smaller 
degree.  Thus,  for  instance,  the  efficiency  without  the  use  of  the  outlet  velocity 
i)0J1  for  a  Kfl-2-2A  stage  whose  nozzle  cascade  height  is  25  mm  and  with  a  variation 
from  xa,  to  x,  0.3;  drops  a  total  of  -An  /tit  =  11.7%,  and  An  /q  =  2.k%  with 
an  Increase  to  x^  '=  0.6,  According  to  old  company  graphs  (see  Fig,  129)  for  efficiency 
with. the  use  of  the  outlet  velocity  T)os,  this  change  amounts  to  16.1  and  5.1%,  respec¬ 
tively,  and  on  the  basis  of  NZL  curves  (Fig.  130),  it  is  equal  to  13*3  and  7.0%.  The 
higher  stability  of  the  efficiency  o„  ,-MEI  stage  is  explained  by  the  following  reasons: 

a)  resistance  of  nozzle  and  moving  cascades  to  variation  of  velocity  and  entrance 
angle; 

b) ;  selection  of  a  favorable  reaction;. 

c)  correct  selection  of  combinations. 

The  sealing  is  of  much  value  for  stable  stage  operation.  If  at  optimum  values  • 
of  u/c^  the  reaction  of  the  stage  is  selected  in  such  a  way  so  as  not  to  allow 


♦The  technical  and  economic  foundation  for  the  selection  of  u/ci<  (u/ca) onT  was 
given  in  the  NZL  reports.  4 

(J  , 
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considerable  losses  due  to  steam  leakages  through  the  clearances,  chen  as.  u/c^ 
changes,  there  is  a  corresponding  ceange  of  the  reaction,^.and  additional  losses  due 
to  parasitic  leakages  can  increase  essentially. 


2.  Influence  of  Pressure  Ratio  e  on  Stage  Efficiency 

Until  recently,  the  influence  of  the  pressure  ratio,  e  =  Pg/Po»  9n  efficiency 
of  a  single-wheel  stage  was  not  noted  at  all  in  literature  and  was  not  considered 
in  calculations.  Certain  organizations  that  conducted  Investigations  of  stages  „ 
in  experimental  turbines  did  not  detect  the  influence  of  e.  This  apparently  may 
be  explained  by  the  fact  that  there  are  still  very  few  experimental  steam  turbines 
and  many  laboratories  are  limited  to  tests  in  air-driven  turbines;  where  usually 
the  influence  of  .compressibility  is  not  investigated.  In  the  MEI  experimental 
steam  turbine,  in  the  majority  of  experiments  the  pressure,  ratio  e  varied  form  6,,  9  to 
0.5,  which  not  only  made  it  possible  to  detect  the  influence  of  e,  but  also  to  use 
the  results  of  these  investigations  for  a  wide  range,  of  turbine  stages,  including 
regulating  stages,  and  also  for  calculation  of  variable  stage  performance. 

.The  influence  of  s  on  stage  efficiency  due  to  the  following  causes: 

a) ,  change  of  cascade  losses,  depending  upon  the  M  number;  especially  perceptible 

is  the  change  of  losses  depending  upon  the  M  number  in  the  nozzle  cascade;  a  graph 

C1 

for  f  =  f (M  )  was  illustrated  earlier  in  Fig.  55;  it  is  this  dependence  that. 

V  "  ; 

mainly  determines  the  influence  of  e  on*  stage  efficiency; 

b)  change  of  the  reaction  of  the  stage  and,  due  to  this,  redistribution  of 
heat  drops  between  cascades,  and  a  change  in.  the  steam  leakages. 

In  various  stages  the  influence  of  e  is  expressed  differently.  The  function 
^Oi  =  f(e)  depends  on- the  cascades  of  the  stage,  the  ratio  of  areas,  Fp/F^  and 
d/l ,  and  u/c^  in  a  number  of  cases.  In  certain:  stages  the  optimum  velocity 
ratio  (u/c  <j,  )onT  is  kept  for  various  e,  while  in  others  it  depends  on  e. 

In  MEI  stages,  of  group  "A,"  which  are  recommended  for  the  f  rst  stages  of  power 
turbines,  the  first  and  middle  (and  sometimes  the  last)  stages  of  turbines  of  low 
and  medium  power,  and  for  regulating  stages  calculated  for  a  large  heat  drop,  the 
optimum  pressure  ratio  e  varies  from  0.65  to  0.8.  An  increase  in  the  heat  drop 
(decrease  of  e)  leads  to  a  lowering  in  efficiency  due  to  the  less  favorable  condi* ions 
of  flow  in  the  nozzle  cascade  and  the  raised  reaction,  which  causes  increased  steam 
leakage.  Email  heat,  drops  (large  e)  also  lower  efficiency,  but  to  a  smaller  degree. 

In  this  case,  the  lowering  of  efficiency  is  connected  with  the  raised  losses  in  the 
nozzle  cascade,  the  optimum  conditions  of  which  usually  amount  to  -  0,6  to  <j.(, 
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1  and-  also  in  certain  stages  It;  Is  connected:  with  _tHe  appearance  of  a  negative 


Fig.  89.-  Dependence  -.of  efficiency  t)01  .on  velocity 
ratio  u/c^,  for  various  values  of  pressure  ratio  e  = 
a  P^/pQ  (MEI  experiments): 

'A  —  tm  O.SI;  X  —  *  •“  0.03;  .#  —  «■»  0,43:  A  —  e  -  0.70:  *  — o  -  *  »"  °;*n: 

-  '  e— *»0,K;  c  - 

Figure  Illustrates  experimental  (from  MEI  experiments)  graphs  for  the 
dependence  qoi  ^  f(e,  u/c  ^  ),  obtained  from  tests  of  an- MEI  Kfl-2~3A  stage  for  l±  = 

48  mm,  d  =  400  mm,  -  5.8-iO5,  and' F2/%  =  1.58.  For  the  value  of  u/c#  > 

>  0.55,  the  maximum  efficiency  corresponds  to  conditions  of  e  =  0.8.  If  u/c  ^  = 

=  0.45  and  s  is  increased  to  e  =  0.9,  the  efficiency  is  lowered  by  1.5$,  and 
with  a  largo  heat  drop  (e  =  0.75),  only  by  0;5*.  The  intersection  of  the  efficiency 
curves  is  hot  random,  but  is  confirmed  by -a  detailed  calculation  of  the  stage.  An 
analogous  dependence  was  obtained  during  the  calculation  of  a  stage  with  respect 
to  the  aerodynamic  characteristics  of  the  cascades  (including  an  actual  diaphragm). 

For  another  . tage,  KA-2-2A  (l1  =  25  mm  and  d  =  554  mm).  Fig.  90  shows  the 
dependence  of  efficiency  t)01  on  e  for  several  values  of  u/c^.  A  graph  of  the  square 
of  the  velocity  coefficient  <p2  and  the  welded  diaphragm  of  this  stage  is  plotted 
there.  Both  graphs  for  and  <p2  are  qualitatively  similar  and  are  combined  into 
one;  it  should  be  considered  here  that  due  to  the  reaction  of  P^Pq  >  Pg/Po*  the 
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Fig.  9p.  Dependence  of  relative  in¬ 
ternal  efficiency  of  a  K5-2-2A 
stage  (d  =  53^  mm  and  .1.  «  25.0m)  and 

the  square  of  the  velocity  coefficient 
2  - 

9  of  the  welded  diaphragm  of  this 
stage  on  the  pressure  ratio  e  (MEI  ex¬ 
periments)  . 


-  -  2 

curves  for  and  <p  'for  the  same 
conditions,  should  move  along  the  axis  e. 

Inasmuch  as  In  a  turbine  (especially' 
when  n  =  const)  both  u/c  ^  and  e  change 
simultaneously,  for  specific  conditions 
(initial  steam  parameters  and  peripheral 
Velocity)  it  is  necessary  to  reconstruct 
the  graphs  and  obtain  a  simple 
dependence  of  efficiency  6:1  the  change 
of  conditions.  An  example  of  such 
reconstruction  was  shown  in  Fig.  60. 
Another  example  of  reconstructing  the 
efficiency  according'  to  the  results  of 
tests.at  MEI,  depending  upon  heat  drop 


hQ  and  peripheral  velocity  u  (for  given  initial  parameters),  is  shown  in -Fig..  91. 


From  a  consideration  of  these  two  graphs, 
it  is  clear  that  for  the  same  stage, 
depending  upon  the  selected  constant 
speed,  the  character  of  the  dependence 
Hpi  =  f(h0)  (or  t)01,  =  f  (u/c  ^  )„  the 
optimum,  ratio  (u/c  ^  )onT,  and  even  the 
magnitude  of  maximum  efficiency  ., 
all  change-  to  some  extent .. 


Fig.  91.  Reconstruction  of  curves  tor 
=  f(u/c4,  s)  depending  upon  the  heat 

drop  Wq  and  peripheral  velocity  u  with- 

constant  parameters  (MEI  experiments). 


The  influence  of  e  on:  efficiency 
was  also  noted  in  experiments  at  KTZ, 
LKZ,  and  others. 

It  is  possible  to-  design  a  stage  in 


advance  which  has  the  highest  efficiency 

for  the  given  pressure  ratio  e.  For  this,  as  indicated  in  Chapters  I  and  II,  it  is 

necessary  to  select  cascades  that  have  minimum  losses,  namely  at  M_  and  M.,  numbers 

1  2 

which  correspond  to  the  e  ratio;  for  given  e  and  ,  a  ratio  of  areas  should  be 
selected  at  which  the  losses  due  to  leakages  will  be  minimum  (usually  in  practice, 
with  a  root  reaction  of  p  =  0.0J  to  0.05). 

K 


Influence  of  Re  Number  on  Stage  Efficiencj 


The  influence  of  the  Re  number  is  evident  in  the  conditions  of  flow  In  the 


nozzle  and  moving  cascades,  and  consequently,  in  the  velocity  and  fiowrrate 
coefficients. 


At  IJ4 Z,  tests  were  conducted  in  an  experimental  turbine  with  a  typical  stage 

]j  c 

for 'e  =  const  and  Re  =  var.  In  this  case,  Re„  =  -AJ£  varied  from  2*10?  to  16*£65 

'  1 

In  this  I  he,  a  decrease  of  the  Re  number  by  3  to  3.5  times  did  not  result,  in  a 
perceptible  change  of  efficiency  [66]. 

The  effect  cf  this  criterion  was  noticeable  in  ME!  experiments  with  an 
experimental  steam  turbine  at  large  values  of  Re,  and  it  was  even  considerable  in  a 
particular  zone  (-see  Fig.  72). 

For  stages,  with  a  small  reaction,  on  the  one  hand,  the  influence  of  losses  .ini 
the  nozzle  cascade  on  stage  efficiency  is  much  greater  than  the  effect  of  losses,  in 
the  moving  cascade.  On  the  other  hand,  the  influence  of  Re  in  the  Moving  cascades 
is  greater  than  in  the-  nozzle  cascades,  and  Rec  =  usually  exceeds 

-  bgWgj/Vg  a  few  times;  In,  general,  therefore,  it  is  difficult  to  decide  which 
one  plays  predominant  role  in. this  influence,, ‘the  nozzle  cascade  of  the  moving  one. 
This  may  be  done1  only  for  a  specific  stage  and.  known  conditions  of  its  operation. 

It  should  be  indicated  that  it  is  impossible  to  analyze  the  influence  of  the 
Reynolds  number  on  stage  performance  without  keeping  the  other  criteria  constant; 
the  pressure-  ratio  e,  in  particular..  A  disregard  of  ‘this  can  lead  to  incorrect 
’conclusions . 

The  influence  of  the  Reynolds  number  on  the  efficiency  of  a  stage  is  not  only 
exhibited  in  a  change  of  cascade  losses,  but  also  a  change  in  the  reaction,  which 
is  connected  with  this.  Losses  due  to  steam  leakages  with  a  change  in  the  reaction 
in  turn,  also  change.  Furthermore,  the  Re  number  also  renders  ah  influence  on  the 
losses  due  to  disk  friction. 

If  a-  stage  is  being  calculated,  it  is  possible  to  compute  the  Re  number 
separately  for  the  nozzle  and  moving  cascades;  If  the  magnitude  of  the  reaction  is 
unknown  in  the  calculation  of  test  stage,  it  is  more  convenient  to  use  the 
generalized  criterion 


Re  b'C* 


whore  is  a  fictitious  vclocitj  that  is  calculated  for  the  entire  heat  drop 

of  the  stai.f  from  the  stagnation  parameters;  b^  is  the  chord  of  the  nozzle  cascade; 
v0  t lie  k ‘.nematic  visuoslty  with  respect  to  theoretical  paiameters  behind  the 


In  experiments  with  various  stages  in  MEI  experimental  turbines,,  the  influence 

r 

of  the  Re  number  on  stage  efficiency  was  detected  at  approximately  Re  *=  5  to  6 • 10J . 
The  boundary '6f  Reynolds  self-similarity,  and  also  the  quantitative  influence  of 
Re  on  -efficiency,,  depends  on  the  cascades  of  the  stage,  e  (or  K  number),  the 
reaction;  and  other  factors.. 

Figure  92  shows  the  change  of  the  maximum  efficiency  of  MEI  stages,  qoi  , 

depending  upon -Re„  for  three  MEI  stages  having  d  =  400  mm  and  l.  =  48  mm.  Experi- 
C1  '  '  1 
ments  were  conducted  at  MEI  with  an  experimental  steam  turbine,  whereby  the  Re 

C1  - 

number  was  changed  at  g  -  const  (with  a  simultaneous  change  of  pQ  and  p2).  For 
stage  KU-2-2A,  the  influence  of  Re  is  considered  at  three  values  of  e  (e  -  O.65, 
0.75l  and  0.’8). 

1JK  »•«*-.  —  y . — •> — 

Vf  — i— - -  — - 1  - - 

W  :  I  i 

09*.: — W-S — 1 3 - - 


2.5  J  15 
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Fig.  92.  Dependence  of -maximum  efficiency  rj0i  or 

Re.  numbers  and  various  pressure  ratios  e  for  three 
®1 

MEI  stages: 

K/1-7A  (F,IFX  ~  t.M).  O.B:  X  -  X  - 1  -  0.78:  A1-  A  -  «  -  «.7S: 

o  —  o  —  « *•  o.o;  Kfl-i-lA  <a,/rt - 1.73):  o-o~»-o.m;~Kn-*-3A 
<?,/?.-  I.B);  n-O-*-0.75. 


For  the  investigated  stages  the  region  of  self-similarity  ^starts  from  Re- 


=  4  to  6*10'>,  which  approximately  corresponds  to  Rea 


for  the  cascades  :of  these 


stages  (Rew  «  1/3  Rec  ).  The  Influence  of  Re  at  identical  u/c^  and  e  for  the 
three  stages  is  different.  The  larger  the  ratio  F^/F^,  the  lower  the  mean  reaction, 
•and  in  stage  KH-1-?2A  there  even  appear?  a  negative  reaction  in  the  root  sections. 

The  negative  reaction  results  in  a  separation  of  flow,  the  appearance  of  which  makes 
the  influence  of  Re  more  perceptible.  Therefore  the  greater  the  ratio  F2/F^  (under 
the  given  conditions),  the  higher  HcgBT0M  is.  Furthermore,  in  the  KH-2-3A  and 
K.U-1-2A  stages  under  the  given  conditions,  the  angles  of  entrance  to  the  moving 
cascade  are  less  than  the  optimum  ones,  which  results  in  the  possible  appearance  of 
separation  on  the  back,  of  the  profile  of  the  moving  cascades. 

As  e  increases  (as  the  M  number  decreases),  the  influence  of  Re  is  greater,  which 


coincides  with  the  data  of  static  cascade  investigations;  furthermore,  at  larger  e, 
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the  reaction  of  the  stage  is  less. 

W.  Traupel  [96],  after  generalizing  a  number  of  experimental  materials  (mainly, 
on  the  basis  of  results  of  static  cascade  tests,  taking  initial  turbulence  into 

account),  gives  a  generalized  correction 
for  the  influence  of  the  Re  number 
(Fig.  95)  which  also  depends  oh  the 
axial  width  of  the  stage i  Quantitatively 
the  influence  of  Re  on  efficiency, 
according  to  Traupel,  approximately 
coincides  with  the  .Kill  experiments. 

The  influence  of  the  Re  number  on  stage  efficiency  is  also  confirmed  by 
certain  other  experiments,  in  particular  ;the  experiments  of  N.  M.  Markov  [69], 

Slepik-  032],  and  others.  It  should  be  noted',  however,  that  certain  research  on 
the  influence  of  R ''  on  the  efficiency  of  a  stage  Was  conducted  incorrectly  in; 
principle  (e  also  changed  simultaneously);  therefore,  the  treatment  of  their  results 
was  erroneous. 

•In1  steam  turbines,  the  influence  of  Re  on  efficiency,  q0JJ,  practically  shows 
up  in.  low-pressure  stages  at  approximately,  p  <  1  bar.  Inasmuch  as  these  stages,  as 
a  rule,  are  equipped:  with  twisted  blading,  this  question  is  additionally  discussed; 

In.  Chapter  VIII. 


Fig*  95*  Correction  of  efficiency,  At^ 

depending  upon  Re,  number  (according  to 
W.  Traupel ). 


§  19.  INFLUENCE  OF  PERFORMANCE  PARAMETERS  ON  DEGREE  OF  REACTION 

The  reaction  of  a  stage  with-  given .geometric  characteristics  is  influenced  by 
all  three  performance  parameters:  velocity  ratio  u/c^,  pressure  ratio  e,  and 
Reynolds  number  Re. 

The  influence  of  u/c  ^  oh  p  was  considered  above  theoretically  in;  §  11,  where 
it  was  Indicated  that  within  limits  of  the  change  of  u/c^  (which  ‘is  encountered 
for  all  turbine  stages  except  regulating  and  last  stages)  the  dependence  p  =  f(u/c  ^  ) 
is  practically  linear.  Deviation  from  the  linear  law  is  possible  only  with  very 
large  changes  of  u/c ^  and  with  an  essential  influence  of  steam  leakages  into  open 
clearances,  which  decrease  the  absolute  value  of  the  reaction.  This  deviation  is 
especially  noticeable  in  a  eond’  '’arable  negative  reaction. 

Although  formulas  (7,i)-(?/6)  were  derived  on  the  assumption  of  a  subcritlcal 
flow,  they  arc  applicable  practi.aliy  alf^  for  a  flow  with  supersonic  velocities  in 
the  nozzle  cascade.  At  outlet  vex. cities  from  the  moving  cascade  which  exceed  the 
critical  value,  the  dependence  p  =  f(./c*  )  changes  even  qualitatively,  namely. 


when  e  is  constant,  the  reaction  also  remains  constant,  and  when  u  =  const,  the 
reaction  increases  as  u/c  decreases.  This  occurs  due  to  choking  of  the  moving 
cascade. 

-  The  dependence  p  =  f(u/c  )  is  explained  by  the  following  factors: 

a) ,  change  of  the  relative  magnitude  of  velocity  w^  and  flow  entrance  angle  0^ 
into  the  moving  cascade;  ah  increase  of  u/c  ^  in  this  instance  leads  to  a  relative 
decrease  of  velocity  w^,  which  Is  usefully  utilized  in  the  moving  cascade1,  as; 
compared  to  velocity  c.  and  the  additional  acceleration  of  flow  in  channels  of  the 
moving  cascade,  respectively;  a  change  in  the  conditions  of  flow  in  the  moving 
cascade  also  change's  the  magnitude  of  the  flow  rate  coefficient  p,,,  which  shows  up 
in  the  reaction  of  the  stage: 

b)  change  in;  the  steam  leakages,  which  are  influenced  by  the  velocity  ratio 
u/c$  • 

A  determining  factor  is  the  change  of  magnitude  and  direction  of  velocity  w^; 
therefore,  the  theoretical  formulas,  derived  on  the  basis  of  only  one  change  of 
in  most  cases  give  a.,  good  coincidence  with  the  experiment. 

Figure  94  shows  the.  dependence  of  the  reaction  of  an  MEI  Kfl-2-2A  stage  (l^  = 

=  48  mm,  d/Zg  =  7.7;  Fg/F^  =  1.44)  on  u/c^  with  a  small  heat  drop  (e  =  6.7)".  As 

can- be  seen  from  the  experimental  graph,  even  at 
a  considerable  -magnitude  of  negative  reaction,,  the 
dependence  p  =  f(u/c  ^  )  remains  practically  linear, 
which  is  determined  by  the  small  influence  of 
leakages  (for  large  cascade  heights). 

The  reaction  of  ,a  stage  sometimes  implies  the 
ratio  of  the  available  heat  drop  of  the  moving 
cascade  hQ2  to  the  total  heat  drop  of  the  stage  hQ, 
which  is  calculated,  on  the  basis  of  the  static 
parameters  before  the  stage  (and  not  the  parameters 

Fig.  9V  Dependence  of  the 

■reaction  of  a  stage,  p,  on  of  stagnant  flow).  Let  us  designate  this  reaction  by 
the  velocity,  .ratio,  u/c^,. 

according  to  MEI  experiments  C*  ~lu’  (107) 

conducted  for  e1  =  0.7. 

In  experiments  on  single-stage  experimental 
turbines,  the  stagnation  parameters  are  measured 
before  the  stage;  therefore  the  reaction  is  determined  by  those  parameters; 


.  ...  4f» _ 

Q  VI- *»*’ 


(108) 
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The  given  values  of  p  in  this  book  and  in  ether  literature  are  presented  on 
the  basis  of  the  results,  of  tests  made  with  experimental  single-wheel  turbines.  If 
necessary,  they  may  be  recalculated  by  means  of  the,  following  formula: 


.  ^#(1  +rin,ol). 


(109) 


In  certain  cases,  for  instance  in  experiments  with  single-stage  turbines,^  the 
static  pressure  between  the  stages  is  determined,  and  consequently,  the  reaction  p*. 
For  reaction  turbines  and,  in  general,  for  stages  with  large  angle  a^,  the  recal¬ 
culation  p  should  be  performed  more  carefully. 

The  mean  reaction  of  a  stage,  ,  may  be-  found  experimentally  by  the  following 

cp 

three  methods: 

1.  It  is  assumed  that  the  mean  reaction  is  the  reaction  on  the  mid-diameter, 
which  is  determined  a  direct  measurement  of  the  static  pressure  in  the  clearance 
between  cascades  on  the  mid-diameter.  However,  this  procedure  is  complicated  and  is 
rarely  applied  because  of  the  difficulties  in  the  measurements,  especially  in  steam 
turbines.  Since  the  reaction  varies  with  respect  to  pitch  (see  §  14),  there  are 
probable  errors  in  the  determination  of  the  mean  (with  respect  to  pitch)  static 
pressure  in  a  clearance  in  a  similar  measurement. 

2.  The  reaction  is  changed  by  averaging  with  respect  to  pitch  on  the  root  and 
peripheral  diameters,  and  then  It  is  arithmetically  averaged 


Q{,  =  _£i+0s.;  (110) 

In  an  overwhelming  majority  of  cases  this  method  is  applied.  As  shown  by 
inumerous  experiments  with  moderate  (large  d/1,)  and  the  absence  of  leakages,  the 
reaction  along,  the  blade  height  varies  approximately  linearly  (see  curve  2  in 
*Elg.  ;12J)  and  the  same  method  is  employed  to  calculate  the  reaction  on  the  mid¬ 
diameter,  'However;  this  method  has  the  following  deficiencies : 

a)  the  reaction  on  the  mid-diameter  in  general  is  hot  equal  to  the  mean  reaction, 
since  the  flow  rate  of  steam  through  the  elementary  steams-  is  various.  Thus,  the 
steam  flow  through  the  stage  is  not  equal  to  the  steam  flow  determined  according  to 
the  mean  parameters. 

0  0tpt 

where 

m 

C  =  2nf  (Hi) 


i 


* 
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.  Ctfcp  • 

1  =  2 


(112) 


the  difference  of  — ^  CP  will  he  greater,  the  smaller  d/I  is  and  the  larger  e  is; 
for  a  critical  flow,  this  difference  will  be  insignificantly  small  (see  §  45); 

b)  for  flow,  into  a  clearance  (suction  or  leakage)  the  linearity  of  the  law  of 
p  =  f (r)  is  disturbed;  7 

c)  for  small  d/l  the  dependence  p  =  f(r)  also  is  not  linear  (fee  below. 

Chapters  VII  and  VIII). 

3.  The  reaction  on  the  mid-diameter  of  a  wheel  is  determined  by  the;  integral 
characteristics  of  th«*  stage.  For  this  it  is  necessary  to  know  the  relative  blade 
efficiency  rj0JJ,  the  available  heat  drop  of  the  stage  hQ  (with  respect  to  stagnation 
parameters),  the  flow  rate  through  the  moving  cascade  Gg,  the  areas  of  the  cascades, 
Fg  and  F^,  the  flow  angles  on  the  mid-diameter,  and  pg  (usually  for  subcritical 
flow,  the  effective  angles  ar  g(^  and  Pg  3(^),  the  peripheral  velocity  on  the  mid-  . 
diameter  uCp,  and  the  specific  volume  at  the  moving  cascade -exit,  Vg. 


Fig.  -95.  Vp.lpcity  triangles  for  the  determi¬ 
nation  of  the  mean  reaction  of  a  stage  accord¬ 
ing  to- integral  characteristics. 


The  specific  volume  Vg  is  computed  according  to  the  pressure  behind'  the  stage, 
Pg,  and  the  efficiency,  n^.  Using  a  simplified  continuity  equation,  70  find 
Wg  =  G2v2^^?."’  w2  ucp  WG  90nstruc't  an  outlet 'velocity  triangle  (Fig.  95)}' 

we  plot  the  quantity 


fjcosa,  -f  c,  cos  a,  = 


lOOOftpjo, 

"*p 


and  construct  the  outlet  velocity  triangle.  Then 


1-8  = 


(113) 


where  w^/c^  and  w^/c^  are  taken  from  the  velocity  triangles.  The  velocity 
coefficients  in  the  first  approximation  arc  selected  arbitrarily.  After  computing 
p,  the  efficiency  Is  found. 
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If  ^qjj  in  formula  (114 )  noticeably  differs  from  the  measured  t)qji  efficiency, 
other  values  of  <p  and  ip  should  be  given.  Even  a  gross  error  in  the  velocity 
coefficients,  especially  in  very  insignificantly  changes  the  reaction  that  was 
calculated5 in  this  manner. 

The  reaction  must  be  determined  in  this  way  when  clearance  measurements,  a  check 
of  these  measurements,  and  especially  the  calculation  of  the  flow  rate  coefficients 
for  nozzle  cascades  according  to  stage- tests  are  not  available. 

If-  the  mean  reaction  of  a  stage  gives  the  general  characteristic  of  the  stage's, 
performance  and  is  required  for'  its- averaged- calculation,  then- for  ah  analysis  of 
the  stage's  performance  and;  its  exact  calculation  it  is  very  important  to  know 
the  magnitude  p*  the  reaction  in  the  root  and  peripheral  sections.  The  change  of 
the  peripheral  p -  and  root  -reaction  pK  from  u/c  ^  (in  the  absence  of  leakages) 
is  governed  by  the  same  law  as  the  change  of  the  mean  reaction,,  i.e.,  it  will  be  , 
practically  linear-.  This  is  illustrated  by  the  graph  in  Fig.  94  for  a  stage  with 
d/l ?  «=  7.7  and  =  1.44. 

It  is  interesting  to  note  that  in  the  .entire  zone  of  change  of  u/e-,^  from 
0.25  to  0.45  the  reaction  at  the  periphery  remained  positive  and  the-  reaction  at 
the  root  remained  negative,  attaining  the  vaiue  of  pK  =  -0.28  when  u/c  ^  =  0.25. 

There  were  no  steam  leakages  in  the  .root  clearances  in  the  experiments. 


The  pressure  drop,  i.e.,  Ap  ~  p  n  -  pH  ,  along  the  height  depends  very  little 
on  u/c  ^  and  e.  If  the  stage  is  designed  with  a  large  reaction  at  the  vertex 

(with  small  Fg/F^J'i,  an  increase  of  u/c^  leads  to.  a 
small  increase  of  gas  leakage  in  the  peripheral 
clearance;  the  difference  of  Ap  will  then  drop 
somewhat.  Figure  $6  shows  the  dependence  of  Ap  for 
stages  KJJ-2-3A  and  K.U-1-3A,  which  have  the  same 
d/lg  =  7.7,  but  different  area  ratios,  and  consequently, 


Fig.  96.  Dependence  of  the 
difference  in  the  reaction 
along  the  blade  height, 

4?  «  Pr>.  "  PK  *  on-  the 
velocity  ratio  u/c  ^  for 
stage  KA-2-3A  (Fg/l^  -  1.44) 
and  KJI-1-3A  (Fg/P^  =  1.88) 
(MEI  experiments). 


different  p.  In  the  first  stage  p  is  greater; 
therefore,  Ap  drops;  and  in  the  second  stage,  Ap  «= 

>■»  const-. 

The  influence  of  the  pressure  ratio  in  the  stage, 
s  =  P2/PC  on  the  reaction  is  connected  with  the 
influence  of  the  M  number  on  the  velocity  and  flow 


-I96- 


o 


\  rate  coefficients  and  the 


Fig.  97.  Dependence  of 
mean  reaction  on  e 
according  to  MEI  experi¬ 
ments  for  the  following 
stages : 

KA'i-a,  H/Cf  a  6. j — 

A-  A  — A  t  v/tj-O.i  -5-0-0: 

'  I,  «sT  M,  KfCM  m  0,1 

O—O  —  O  *■  n  d  ''«/**“  0,4  — 

•  KA-2-3A. 

»/f*«0.3-X-X-X. 


influence  of  the  specific  volume  ratio  v^/v^  behind  the 
cascades.  Figure  97  contains  a  graph  that,  illustrates 
the  influence  of  e  oh  p  for  different  velocity  ratios 
u/c^.  It  is  clear  from  the  graph  that  the  smaller  e 
.Is,  the  greater  the  reaction,  which  definitely  must  be 
considered  in  turbine  calculations.  For  a  sufficiently 
accurate  calculation  of  the  change  of  p  =  f(e),  it  is 
necessary  to  know  the  aerodynamic  characteristics  of  the 
stage,  including  the  change  of  the  flow  rate  coefficients 
of  the  cascades,  the  clearances  in  the  stage,  and  so 
forth. 

For  a  rough  estimate,  of  the  influence  of  e  on  the 
reaction  it  is  possible  to  use  the  following  formula: 


-  (<?)»-o,;s  -  [l  -  (~) ~j  . 


(115) 
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where  l ^  is  the  height  of  the  nozzle  cascade  in  mm;  The  influence  of  i.  is  evident 
in  the  leakages,  which  decrease  the  growth  of  the  reaction  upon  transition  to 
larger  heat  drops.  Figure  98  shows  a  comparison  of  the  experiments  and  calculation 

by  formula  (115),  for  l±  ■<=  25  and  '48  mm. 

The  influence  of  Reynolds  number  on  the 
reaction  is  caused  by  a  change  of  the  velocity 
and  flow  rate  coefficients  of  the  cascades  of 
the  stage.  In  many  experiments  with  stages, 
a  change'  of  the  reaction  at  constant  e  and 
u/c  ^  and  variable  pressure  was  found,  i.e., 
at  variable  Re  number.  Usually  the  influence 
of  Re  is  detected  at  Re  <  5*10^  and  low  M 
numbers.  Both  RegBTOM  and  the  quantitative 
change  of  the  reaction  depend  on  a  number  of 
factors,  including  the  separation  of  flow  in 
the  cascades  to  a  considerable  extent.  Experi¬ 
ments  show  that  the  reaction  increases  as  the  Re  number  decreases.  This  is  explained 
by  the  fact  that  the  Re  number  for  a  moving  cascade  is  usually  less  than  that  for  a 
nozzle  Cascade,  and  separation  of  flow  is  also  possibly  faster  in  a  moving  cascade. 
Thus,  the  flow  rate  coefficient  of  the  moving  cascade  varies  more  than  for  the 


Fl‘6.  93.  Change  of  mean  reaction 
of  stage,  Ap£j  depending  upon  e  for 

various  blade  heights  calcu¬ 
lated  data  according  to  formula 
(115)  — -  solid  line  for  l.,  =  25  mm; 

-  dotted  line  l±  =  48  mm;  ex¬ 
perimental  data:  points 

••  o.  ♦  — 7|  «  25  X.  o  —  It  ■*  48  mm. 
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nozzle  cascade.  The  influence  of  the  Re  number  on  the  flow  rate  characteristics  is 
examined  in  greater  detail  in  §  20. 

The  influence  of  Re  number  on  the  eaction,  p,  may  be  seen  from  the  graph  in 

const.  At  velocity  ratio  u/c^  =  0.45, 

a  decrease  of  Re_  from  4.5-iO^  to 


-*/ 


•or 


3.  99  for  a  KH-2-3A  stage  at  t  =  O.75 

_ —  A 

- 

- 

ki 

•  c 

. 

• 

-  '  J/ 

Fig*  99-  Influence  of  Re  number  on 
reaction  of  KJI-2-3A  stage  (d/l2  =  7-7, 

F2/F±  =  1.55),  e  =  0.75  =  const  (MEI 

experiments  )<. 


2.5-105  (which  corresponds  to  a  change  of 

Re  from  1.5*10^  to  0.7.10'*)  leads  to  a 
"2 

growth  of  the  stage  reaction  from  -O.Oi  to 
+0.05.  At  the  same  e,  but  mother  u/c^ 
and  with  the  same  decrease  of  the  Re 
number,  the  change  of  the  reaction  amounts 
to  Ap  =  0.05  to  0.08$6. 

§  20.  FLOW  RATE  CHARACTERISTICS 
'  OF  A  STAGE 


During  the  calculation  of  a  turbine 
that  has  just  been  designed,  or  when 

checking  the  calculation  of  an  existing  one,  it  is  important  to  exactly  determine 
the  flow  fate  of  the  working  medium  through  a  stage .  An  error  in  computing 
the  flow  rate  of  the  woridng  medium  through  a  stage  can  lead  to  the  incorrec  t 
selection  of  stage  dimensions  and  a  redistribution  of  pressures  along  the 
stages.  For  the  first  (regulating)  stage,  an  incorrect  calculation'-of  the  flow 
rate  can- even'  affect  the  rated  power  of  a  turbine. 

As  an  example,  we  shall  illustrate  the  case  dealing  with  the  modernization  of 
the  BP-25rl  turbine  [88] .  An  error  in  the  determination  of  the  flow  areas  of  the 
nozzle  cascades  of  unregulated  stages  led  to  the  fact  that  the  pressure  in  the 
changer  of  the  regulating  stage,  instead  of  the  calculated  value  of  61.3  ’bar,  was 
equal  to  56.1  bar.  This  caused  an  increase  in  the  heat  drop  to  a  less  economic 
regulating  stage  and  additional  losses  due  to  throttling.  Analogous  errors  were 
allowed  during  the  designing  of  certain  gas  turbines. 

In  practice,  scientific  organizations  and  plants  employ  various  flow  rate 
characteristics  for  stages.  LMZ,  NZL,  and  several  TsKTI  laboratories  determine  the 


flow  rate  coefficient  of  a  stage  during  stage  tests 

a 


=  F^+Iv,  ’ 


(116) 
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the  actual  flow  rate  through  a  stage  with  respect  to  the  theoretical  flow 
rate  through  the  nozzle  cascade,  calculated  according  to  the  total  heat  drop  of  the 
stage  (c^  =  +  c2,  vg  —  behind  the  moving  cascade).  Within  the  limits  of  the 

accuracy  of  the  assumption  that  pCp  is  equal  to  the  reaction  averaged  with  respect 
to  the  flow  rate  (see  §  19)  when:  p„_  =  0,  the  flow  rate  coefficients  of  the  stage 
and  nozzle  cascade  coincide. 

The  MEI  processed  the  results  of  experiments  with  an  experimental  turbine, 
depending  on  pq  =  f(x~»  ,  e,  and  other  physical  and  geometrical  parameters).  Here 
(iq  is  the  ratio  of  the  actual  flow  rate  through  the  stsge  to  the  theoretical  critical 
flow  rate  through  the  nozzle  ce  cade 

(B  is  a  coefficient  that  depends  on  the  isentropic  exponent  k;  for  superheated 
steam,  B  =  0.661;  for  air,  B  =■  0.6i74;  foi;  dry  saturated -steam,  B  =  O.63,  pQ[N/ra2], 
v0[m5/kg],  G[kg/sec],  and  F.Jm2]. 

An  advantage  of  the  characteristic  pq  is  its  independence  from  the  accuracy  of 
measurement  of  pressure  behind  the  stage.  Very  convenient  for  monitoring  also  is 
the  fact  that,  independently  of  the  stage’s  reaction,  q  =  1  for  a  critical  flow 
and  pq  =  is  the  flow  rate  coefficient  of  the  nozzle  cascade.  The  quantities 
p  and  pq  are  recomputed  by  the  following  formula: 

u  =M- 

r«i - 

where  q  =  f(e)  is  determined  by  tables. 

In  a  number  of  cases  for  aircraft  gas  turbines,  and  also  at  TsKTI,  A.  M. 
Zavadovskiy  selected  Cg^u  as'  ^ow  rate  characteristic,  which  is  given  depending 

upon  u/c.  ^  (shown  in  Pig.  100),  The  characteristic  is  of  no  use  to  us,  especially 
for  impulse  stages,  since  it  first  requires  the  determination  of  the  dimensions  of 
the  moving  cascade,  and  then  the  nozzle  cascade.  As  it  is  known,  in  impulse  stages 
the  influence  of  the  area  of  the  moving  cascade  on  the  steam  flow  through  a  stage 
(or  at  a  given  flow  rate  for  pressure  before  a  stage)  is  much  less  than  the 
influence  of  the  area  of  the  nozzle  cascade.  Actually,  a  change  of  the  area 
causes  a  change  of  the  reaction.  When  =  P^/Pq  <  e»>  a  change  of  the  reaction 
does  not  affect  the  flow  of  steam  through  the  stage;  consequently,  the  change  in 
the  flow  rate  of  steam  will  be  proportional  to  the  change  of  the  area  F^.  For  a 
subcritLcal  flow,  due  to  a  change  of  the  reaction,  the  steam  flow  rate  will  change 
somewhat  less  than  under  critical  conditions. 
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Fig.  100,  Flow  rate  characteristic  c2a/u  = 

=  f (u/c^  )  (TsKTI  experiments). 

KEY:  (a)  clearances  in  mm;  (b)  single  stage; 
(c)  stage  operating  in  a  set. 


Thus,  for  instance,  if  in  a  stage  with  e  =  0.8  and  p  =  0.05,  the  area  F^  is 
decreased  by  3$,  the  reaction  will  decrease  to  0.03.  Consequently,  =  P±/p0> 
instead  of  0.810,  will  decrease  to  0.8C6.  Then  the  flow  rate  of  the  working  medium 
will  decrease  not  by  3$,  but  only  by  2.4$. 

If,  however,  the  area  Fg  is  decreased  by  3#>  the  reaction  will  increase  to 
0.07,  and  the  flow  rate  of  the  working  medium  through  the  stage  will  decrease  by  a 
total  of  0.5$.  The  given  figures  show  how  important  it  is  to  exactly  determine  , 
the  area  of  the  nozzle  cascade,  in  particular. 

During  tests  in  turbines  the  quantity  c2a  should  be  calculated  according  to  the 
flow  rate  of  the  working  medium  through  the  moving  cascade,  which  requires  a  special 
estimate  or  determination  of  the  leakages  in  the  clearances.  This  naturally  lowers 
the  accuracy  of  the  calculation  of  c2a/u*  Wc  do  nofc  know  ^  experiments  on  the 
influence  of  thq  pressure  ratio  ,e  on  c2a/u,  and  also  a  number  of  other  factors.  Pro¬ 
ceeding  from  this,  it  is  impossible  to  say  that  the  calculation  of  the  dimensions  of 
a  stage  with  respect  to  c2a/u  is  convenient. 

Let  us  return  to  the  flow  rate  characteristic  pq.  The  value  of  pq  depends  on: 

a)  the  pressure  ratio  in  the  stage,  s; 

b)  the  reaction  of  the  stage,  p; 

c)  the  flow  rate  coefficient  of  the  particular  nozzle  cascade,  p1. 
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For  stages  with  large  d/l.  ratios  it  is  possible  to  select  a  mean,  reaction  for 
the  calculation,  and  for  small  d/i  it  is  necessary  to  consider  the  change  of  the 
reaction  and- the  flow  fate  along' the  height.  In  the  last  case,  regardless  of 
whether  the  stage  has  cylindrical  blading  or  is  twisted  according  to  some  law,  the 
nozzle  cascade  should  be  divided  into  several,  sections  along  the  height  and  the 
total  flow  rate  G  should  be  found,  taking  into  account  the  change  of  the  flow  area 
of  each  section  and  the  reaction  through  the  sections  [see  formula  (111)].  If  there 
are  data  on  the  change  of  the  flow  fate  coefficient  of  a  cascade  with  respect  to 
height,  various  values  of  p^  should  be  considered. 

If  we  consider  that  =  1  =  const,  then-  q  = 

=  f(e,  p).  Figure  101  shows  a  graph1  of  q  =  f(e)  for 

four  values  of  the  reaction  p  . 

cp 

For  a  critical  flow,  and  also  when  p  =  0  (with 
the  reliable  determination  of  the  reaction),  the 
flow  rate  coefficient  of  the  stage  and  the  flow  rate 
coefficient  of  the  nozzle  cascade  coincide.  In  this 
way,  also  for  p  or  pq,  knowing  e  end  p,  we  can 


p}  find  p^,  i.e.,  the- necessary  quantity  for  the 

*  determination  of  the  steam  flow  rate  of  the  dimensions 

Fig.  101.  Dependence  of  f  ..  cascade 

relative  steam  flow  q  through  01  xne  cascaae*  . 

a  stage  on  e  -  P2/Pq  ^he  Investigations  show  a  dependence  of  the  flow 

reaction  p. 

rate-  coefficient  p^  on  three  basic  quantities':  the 
cascade  dimensions  (mainly  on-T.j/b^),  the  mean  pressure  ratio  =  Pj/P0  (or  Mc  ), 
and  the  Reynolds  number  Re c  =  b±cn/vl' 

The  Influence  of  the  cascade  dimensions  on  p^  is  discussed  in  §§  9  and  21. 
According  to  tests  of  stages  with  contemporary  cascades,  usually  in  the  transition 
from  low  velocities  to  critical  ones,  the  flow  rate  coefficient  p^  increases  by 
approximately  0.5  to  1.5$,  which  is  connected  with  the  improvement  of  the  flow 
around  the  cascades  at  large  pressure  gradients.  Although  in  a  supersonic  flow  the 
losses  in  ordinary  cascades  are  increased,  the  flow  rate  coefficient  does  not  change 
or  it  even  increases  somewhat  [11]’.  The  cause  of  this  is  the  fact  that  this 
coefficient  has  practically  no  effect  on  the  structure  of  the  flow  and  the  losses  in 
the  slanting  shear  and  behind  the  cascade,  and  in  the  convergent  part  of  the  channel 
the  conditional  thickness  of  displacement  of  the  boundary  layer,  which  also 
determines  the  value  of  p,  decreases  somewhat. 


-201- 


t 


/ 


The  influence  of  the  Reynolds  number  was  investigated  at  MEI  in  the  process 

of  static,  steam  tests  of  an  actual  diaphragm.  The  results  of  these  tests  are  shown 

in  Fig.  102  for  a  welded  diaphragm  with  a  TC-2A 

'  ~  j  |~1  1  .  -cascade’  { i1  =  48  am,  d  =  400  mm).  The  experiments 

a# .j — —  - —  were  conducted  at  e  =  0.75  to  0.8  *  const.  As  should 

■ 

...  !  have  been  expected,  outside  of  the  self-similar 

. —  "  ~ 

*  j  zone,  a  lowering  of  Re,  which  leads  to  an  increase 

...  -  . — : — - - - -- 

.  ‘  j!.9 in  the  thickness  of  the  displacement,,  decreases  the 

I#  ~~  -  flow  rate  coefficient  p^. 

•  ;  i 

:  i  :  Inasmuch  as  the  reaction  of  the  stage  depends 

aw— -f— j — r-~— — : 

j  j  j  on  e1,  u/c^,  and  Re v  end  p^  =  f (e..  Re),  the 

j  ■  t  magnitude  of  the  relative  flow  rate  through  the 

Fig.  102.  Influence  of  stage,  pq,  comprises  the  following  function: 


-r  -  r 
;  i 
i  1 


l  3  *  *k.» 

Fig.  102.  Influence  of 


b.  c.  i 

Re„  =  — -  on  the  flow  ,  /  u 

ci  vi  M  =  /  («. -75T*  Rei* 

rate  coefficient  p^  of  the 

nozzle  cascade  of  an  actual  The  smaller  s  is,  the  greater  the  flow  rate  of 

welded  diaphragm  and  on  the 

relative  flow  rate  of  steam  gas  through  the  stage;  however,  if  e.  =  P-i/Po  in  the 
through  the  stage  pq.  - 

nozzle  cascade  is  below  critical,  a  further  lowering 

of  e  practically  will  not  lead  to  a  change  of  the  flow  rate. 


The  smaller  s  is,  the  greater  the  flow  rate  of 


through  the  stage  pq. 


An  increase  of  u/c^  simultaneously  signifies  a  growth  of  the  reaction  of  the 
stage,  and  consequently,  a  reduction  of  the  flow  rate.  Figure  103  illustrates  the 
dependence  pq  =  t(x^r  e),  for  stage  Kfl-1-1A.  (l^  =  .25  mm,  Fg/F^  =  1.66).  Figure 
104  shows  the  influence  of  e  on  the  flow  rate  through  the  stage.  The  curve  of  the 
dependence  of  the  flow  rate  through  the  stage  on  =  P^/Pq  (at  x^,  =  const)  and 

the  curve  of  the  theoretical  flow  rate,  q+,  multiplied  by  p^  =  0.98  =  const,  are 
plotted  on  this-  graph.  The  difference  in  the  flow  of  these  curves  is  determined  by 


the  reaction  and  the  influence  of  e  on  p^. 


For  a  KJ1-2-3A  stage  (l±  =  48  mm,  d  =  400  mm),  when  e  =  0.75  and  x^  =  0.4, 


Fig.  102  shows  how  pq  changes  depending  on  Re  .  -The  ^influence  of  the  Re  number  on 

cl 


the  reaction  for  the  same  stage  is  represented  in  Fig.  99. 

The  change  of  the  flow  rate  coefficient  of  the  stage,  pCT,  from  x^  =  u/c^ 
and  e  depends  on  the  change  of  the  reaction.  An  example  of  such  a  graph  of  pCT  = 

=  ^u/c^)  is  shown  in  Fig.  105  for  two  LMZ  stages  with  the  ratio  d/l^  =  14.7  and 
9.5;  it  is  constructed  according  to  the  results  of  tests  in  ah  LMZ  experimental  air 
turbine  with  Mt  «  0.47. 
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Fig.  103.  Dependence  of 
relative  steam  flow  rate 
through  a  stage  on  pq  from 
u/Cjj,  and  e  (MEI 

experiments) . 


Fig.  104.  Change  of 
pq  and  p^q^.  depending 

upon  e  for  u/c^  = 

=  0.4,  p1  =  O.98  = 

=  const  (MEI  experi¬ 
ments)  . 


Fig.  105.  Flow  rate  coefficient 
of  a  stage,  prtr>,  depending  upon 

u/cj,  for  a  typical  LMZ  stage: 


/  _  ii,  m  t.S:  rjr,  -  t-UUrr 

—  14.7;  #Vf ,  -  1.75-0-0-0- 


The  change  of  the  flow  rate  through  the  stage  depending  upon  e  and  u/c  ^  may 
he  analyzed  by  formula  [83]  for  constant  initial  parameters  without  taking  leakages 
into  account 


6' 

~ir 


jh  |  /  <i -«»•)-«  0 
Pi  V  "(I- e*)_ a (!_*)« 


(118) 


where  a  =  -s— — 7 -  for  superheated  steam  a  «  1.2,  for  air  a  *  1.12.  This  formula 
-  "  .  * 

can  be  used  only  for  a  subcritical  flow. 

When  the  pressure  ratio  e  is  constant,  i.e,,  when  e1  =  e,  and  consequently, 
-when  hg  =  hQ,  disregarding  the  change  of  the  flow  rate  coefficient  of  the  nozzle 
cascade  and  considering  a  small  influence  of  leakages. 


Fig.  106.  Change  of  rel¬ 
ative  steam  flow  rate, 
pq,  I!  1  rough  stage  KJJ-2-1A 
from  speed  n:  according 
to  MKI  experiments.  Cal¬ 
culated  data  according  to 
formula  (IlM)  —  solid 
curve,  experimental 
data  O  -  <  >  ~  o. 


=  )/ I  (119) 

Figure  106  shows  the  change  of  pq  for  a  Kfl-2-lA 
stage  ( l ^  =  25  mm,  d  =  554.  mm)  at  e  =  0.8  =  const,  on 
the  basis  of  experiments  in  an  MEI  experimental  steam 
turbine  and  by  palculation  with  formula  (119)  (at 

npocu=  <^00  rPm)*  As  can  bG  seen  from  the  graph,  the 
coincidence  of  the  experimental  and  calculated  data 
Is  satisfactory.  It  should  be  noted,  however,  that 
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for  considerable  steam  leakages  and,  in  particular,  for  large  heat  drops,  when  these 
leakages  grow,  formula  (119)  indicates  a  larger  change  of  the  flow  rate  than  is  _ 
actually  the  case. 

§  21.  INFLUENCE  OF  GEOMETRIC  PARAMETERS  ON  THE  CHARACTERISTICS  OF  A  STAGE 

In  the  designing  of  a  new  turbine,  and.  also  for  reconstruction,  assembly, 
repair,  and  operation,  it  is  necessary  to  know  the  influence  of  the  basic  geometric 
parameters  of  the  stage  on  the  efficiency,  reaction,  and  flow  rate  coefficient. 

The  Influence  of  cascades  and  their  dimensions,  such  as  Ti,  a^,  pg,  A  ,  and 
others,  on  losses  was  considered  in  Chapter  I.  This  paragraph  discusses  the 
influence  of  three  basic  geometric  parameters  oh  the  performance  of  a  stage:-  blade 
height  l,  diameter  d,  and  ratio  of  areas  Fg/F^. 

An  increase  of  the  absolute  blade  height,  the  other  parameters  being  constant; 
including  b  =  const  and  d  =  const,  has  a  favorable  effect  on  the  economy  of  a  stage 
within  wide  limits.  The  end  losses  in  the  nozzle  and  moving,  cascades  and  certain 
additipnal  stage  losses  (losses  due  to  steam  leakage;  losses  connected  with 
overlaps,  and  due  to  inaccuracies  in  manufacture)  decrease.  With  a  constant 
diameter  d,  an  increase  of  Z  simultaneously  signifies  a  decrease  of  d/i .  As  long 
as  d /z  is  sufficiencly  great  (with  cylindrical  blading,  to  d/l  >  6  to  10)’  and  the  loss 
due  to  flare  are  insignificant,  a  growth  of  Z  leads  to  an  increase  in  stage 
efficiency/.  However,  with  very  large  Z,  when  an  increase  in  height  practically 
does  not  affect  the  end  losses  and  other  losses,  a  lowering  of  d/Z  can  be  especially, 
unfavorable-  (see  Chapters  CLI  and  IX) . 

The  phenomena  connected  with  flare,  and  ^especially  the  additional  losses  due 
to  an  off-design  entrance  angle  in-  the  upper  and  root  sections  of  a  moving  cascade, 
lower  the  effectiveness  of  a  stage.  Although  the  difference  of  the  reaction  along 
the  height  increases  as  d/Z  decreases,  the  losses,  due  to  leakage  decrease  somewhat 
with.. constant  diameter  and  clearances. 

The  influence  of  Z  on  the  efficiency  of  a  stage  to  a  significant  extent  is 
determined  by  the  design  and  the  manufacturing  technology  of  the  cascades  and  the 
cascades  themselves.  As  it  is  known  (see  §§  5  and  6),  it  is  possible  to  specially 
create  cascades  having  doorcase J  end  losses  with  low  heights.  In  the  first 
approximation  for  not  very  low  heights,  one  may  assume  that  the  stage  efficiency  is 
inversely  proportional  to  1/Z . 

Figure  107  shows  the  influence  of  the  effect  of  blade  height  on  efficiency  for 
various  stages.  As  already  noted  above,  inasmuch  as  this  influence  depends  on  a 


number  of  other  geometric  characteristics,  we  shall  give  a  detailed  description  of 

the  stages  that  were  investigated. 

At  BITM,  during  teste  in  an  experimental 

air  turbine  with  laboratory  manufacture  of 

cascades  and  nozzle  chord  -b1  =  44.1  mm, 

the  efficiency  for  various  heights  was 

measured.  Angle  a±  =  11°20 '  to  ll°4o'  and, 

M  =5  0.3.  Re  =  2  to  8-10^.  The  stage 
C1  ci 

diameter  was  825  to  880  mm.  The  NZL  data 
[48]  were  taken  from  a  series  of  graphs 
for  =  ffl^,  )•  The  LMZ  experiments 

were  conducted  with  p.  typical  stage  at 
b^  =  58.9  mm  and  diameter  420  to  450- mm; 
the  stage  efficiency  was  recalculated  for 
"zero"  leakages.  The  MEI  experiments  were 
conducted  with  actual  welded  diaphragms 
manufactured  by  KTZ  for  KJI-2-2A  stages  with 
b^  =  5i.5'  W»  and:  diameter  400  mm.  The  MEI 
experiments’  were  conducted  with  diaphragms 
of  two  types :  with  a  cylindrical  contour  and  meridional  contraction  around  the 
.periphery.  Figure  107  also  shows  curves  constructed  with  the  firm's  data.  The 
strict  straight  -line,  upon  reaching  a -height  of  10  mm,  indicates  that  calculated 
data  were  used  here.  It  should  be  pointed  out  that  a  check  of  these  stages  in 
various  'expe -imental  turbines;  especially  with  low  heights,  did^not  confirm  the 
firm's  values  of  efficiency.  From  a  consideration  of  the  curves  in  Fig.  10.7  it  Is 
clear  that  the  MEI  stages  have  the  least  height  effect  (especially  with  meridional 
profiling).  This  is  connected  with  the  special  selection  of  cascades  having  smaller 
end  losses,  and- also  a  somewhat  larger  angle  a^. 

The  various  effects  of  height  on  the  efficiency  of  a  stage,  depending  upon  the 
technology  and  special  profiling  of  the  cascades  when  designing  a  turbine,  can  lead 
to  a  completely  different  machine  design,  i.e.,  they  affect  the  selection  of  the 
stage  diameter,  the  selection  of  admission,  and  even  the  selection  of  the  initial 
parameters  and  the  speed  for  turbines  of  low  and  medium  power. 
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Fig;  107.  The  effect  of  blade 
height  1^  on  the  maximum  efficiency 

pf  a  stage :  A  —  A  —  BITM  exoeri- 
ments;  <*>■-  0  -  NZL  data;  »*  LMZ 
experiments;  O  —  O  —  MEI  experi¬ 
ments;  O  ~  O  ~  O  ~  MET  experiments, 
(meridional  profiling);. 


For  Instance,  with  a  very  large  influence  of  l  on  efficiency,  for  turbines  with 
low  volume  passage  It  is  necessary  to  design  the  stages  with  small  diameters,  select 


high  speeds,  increase  the  number  of  stages,  and  sometimes  reject  high  initial  steam 
parameters,  thereby  lowering  the  economy  of  the  entire  unit .  It,  Is  known  that  in 
turbine-construction  practice  the  minimum  heights  of  nozzle  cascades  in  turbines 
from  4  thousand  kilowatts  and  more  until  recently,  amount  to  14-15  mm,  .fhen,  for  in¬ 
stance,  in  DZhll  turbine  with  a  power  of  125  thousand  kilowatts  at  the  Fii'o  station. 


the  nozzle  blades  of  the  first  stage  are  9.5  mm  high.  At  the  same  time,  turbines 
are  encountered,  wnc:.i  first  unregulated  stages  have  partial  steam  input  even  at 
considerable  heights,  -  25  to  35  mm. 

MEI  projects  for  meridional'  profiling  of  nozzle  cascades  and  a  certain  change 


of  the  configuration  of  the  moving  cascade  channels  with  low  1/ b  ratios  made  it 

possible  to* essentially  increase  the  effectiveness  of  the 
cascades  and  the  stage  efficiency.  Figure  108  gives  the 
dependence  of  the  :gaih  in  efficiency,  Ar^/i^,  with 
meridional  profiling,  for  stages  Hfl-2-2A,  at  Fg/F^  =  1.6  to 
1.7,  =  15°,  and  d  =  400  mm,  depending  upon  the 

height  of  the  nozzle  blades  l^.  The  nozzle  chord  amounted 
to  51.5  mm.  Experiments  were  conducted  at  e  =  0.7  to 
O.85.  As  can  be  seen  from  the  graph,  the  gain  from 
meridional  profiling  for  a  height  of  ,1^  -  10  mm  (l^/l = 

=  0.18)  amounts  to  At^/t^  =  5,256.  At  large  heat  drops,  especially  under 


Fig.  108.  Dependence 
of  the  gain  in  effi¬ 
ciency  of  a  stage  with 
meridional  profiling 
on  the  height  of  the 
nozzle  blade  l±. 


supercritical  operating  conditions. 


Fig.  JL09,  Influence  of  meridional 
profiling  (contraction  configura¬ 
tion)  on  stage  efficiency  for  vai'- 
ious  velocity  ratios  u/c^  (MEI 

experiments).  Curves:  1,  2,  and 
3:  l ^  =  15  mm;  4  and  5:  =  25 

mm;  1  and  4 :  cylindrical  cascade 
contour;  e  =  0.8-0.85;  Re^  » 

»  4*105. 


the  advantages  of  meridional  profiling  are 
exhibited- to- an  even  larger  degree  . 

For  meridional  profiling  of  a  nozzle 
cascade  it  is  important  to  correctly  select 
the  contraction  configuration.  Figure  109 
gives  efficiency  graphs,  r^,  for  a  KII-2-2A 
stage  at  d  =  400  mm  with  various  external 
meridional  contours. 

'As  already  noted  easier,  meridional 
profiling  not  only  increases  the  economy  of 
a  nozzle  cascade,  but  also  decreases  the 
pressure  drop  (the  difference  in  reactions) 
along  the  height  of  a  sta*  A  decrease  of 
A p  =  pn  -  pK  makes  it  possible  to 
essentially  lower  the  reaction  on  the  periphery 
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and  thereby  lower  the  losses  due  to  leakage  of  steam  over  the  blade  shroud,  i.e.,  a 
loss  which  is  very  great  namely  in  stages  with  short  blades. 

Figure  110,  for  a  Kfl-2-2A  stage  with  nozzle  heights  =  15  and  25  nm  (d  = 

=  400  mm),  shows  the  dependence  of  the  reaction  on  the  periphery  pn  ,  the  foot 

reaction  ps,  and  the  difference  in  the 

’t  reactions  Ap  =  pn  -  Pjp  on  x^. 

VS  ■  <s!r.  Stage  tests  were  conducted  with  nozzle 

cascades  having  the  usual  cylindrical 
contour  with  contraction. 

««  >. 

For  a  stage  with  a  height  of  .25  mm 

</i- 

/  /  Z  a  the  difference  in  the  reactions  upon 

*  /  r  jppiT 

^  transition  to  meridional  profiling  at 

® <  yf  V®  Xjjj  =  0.45  was  lowered  from  0.15  to 

-VS  ■<  •/  f  J(Vf  0.095,  and  for  =  15  mm,  from  0.08 

\S  y/*  -v  to  respectively.  Cascades  that 

are  specially  profiled  for  low  heights 

--  _  yP  '  0« 

A;5  -  ~~ ~Js Xp^~— - - f Cd**  make  it  possible  to  employ  very  low 

...  I  z'  S'  &p-KD-2-ZA  heights  of  up  to  10  to  8  mm  with 

*»“  '  i> '  — -yiSri —  -4 

,  i-  ,/  /  »^T  sufficiently  high  quality  and  high 

^&/>-kd-2-2Ah  {/n/s»M  ‘  ~0>1  accuracy  of  manufacture  in  turbine 

®  4J  4*  4*  Wt  constructions;  in  a  number  of  cases  this 

Fig.  110.  Dependenc/'  of  reactions  on  makes  it  possible  to  profitably  reject 

periphery  p  ,  at  +.>  root  p  ,  arid  the 

difference  AP  =  Pn  -  p,  on  the  partial  steara  input.  Based  on  MEI 

velocity  ratio- x^  =  u/c^  for  a  re c omvendat ions  that  were  confirmed  by 

im-2— 2A  stage  (without  meridional  pro-  -voi.m-, 

filing)  and  a  KU-2-2Am  stage  (with  its  own  experiments,  the  Kaluga  Turoine 

meridional  profiling  (MEI  experiments).  -plant  is  SUCessfully  employing  stages 

with  low  heights-. 


■  /  ‘ 0,1 
4  A  v>s 

x  /  s'  &p-KD-2-2A  0 

S?  — -4 - _gei 

\p-KD-2r2An  ...  ‘  "4* 


Fig.  110.  Dependenc/'  of  reactions  on 
periphery  p  ,  at  fa  root  pK,  arid  the 

difference  Ap  =  p  _  -  p„j  on  the 

velocity  ratio-  x  ^  =  u/c^  for  a 

KjO(— 2— 2A  stage  (without  meridional  pro¬ 
filing)  and  a  K#-2-2Am  stage  (with 
meridional  profiling  (MEI  experiments). 


H  ) 


Blade  height  influences  not  only  the  economy  of  a. stage,  but  also  the  magnitude 

of  the  optimum  velocity  ratio  u/c^.  This  circumstrmce  is  connected  mainly  with 

the  large  leakages  in  stages  with  low  blade  height.  Approximate  generalized  data 

on  the  influence  of  l.  on  x.  are  shown  in  Fig.  88. 

±  <PonT 

Ox'  the  geometric  parameters,  only  the  cascade  height  practically  influences 
the  flow  rate  coefficient.  The  experiments  of  G.  A.  Filippov,  conducted  at  MEI 
with  stage  of  different  height  are  shown  in  Fig.  111.  The  experiments  were 

sot  up  in  an  MEI  experimental  steam  turbine  with  a  Kfl-2-2A  stage  at  e.  =  0.8.  Stages 
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were  investigated  with  d  =  400  mm  and  b^  = 
51.5'-mm,  with  welded  diaphragms  without 
special  meridional  profiling  (one  experi¬ 
mental  point  refers  to  b^  =  41.5  mm). 

The  decrease  of  the  flow  rate  coefficient 
in  diaphragms  with  low  cascade  height,  is 
explained  by  the  large,  boundary  layer 
effect  on  the  bounding  walls.  The  experi¬ 
ments  of  M.  F.  Fedorov  at  KhPI  with  a 
weighing  installation  [114]  give  approxi¬ 
mately  the  same  quantitative  picture  of 
the  effect  of  height  on 

The  Influence  of  . diameter  on  the  economy  of  a  stage-  at  present  has  not  been 
investigated  sufficiently.  Attempts:  are  being  made  to  create  formulas  that  consider 
this  influence.  According  to  a  firm's  data,,  the  change  of  efficiency  with  a 
deviation  of  the-  diameter  from  d  =  1  m  is  calculated  by  the  following  formula: 

An/»1  =  0.075  (!,0-d),  (120) 

where  d  Is  the  stage- diameter  in  m.  This 'formula  is- -applicable  for  d  =  0.6  to  1.0  m, 

G.  A.  Zal'f  and  V,  .V.  Zvyagintsev  [48]  propose  an  analogous:  formula: 

Ati  =  0,05  £(l-<0,  (120a) 

where  d.  is  -the.  .stage  diameter  in  m. 

Other  parameters  being  constant,  including  l  =  const  and  b  =  const,  the 
influence  of  diameter  on  the  economy  of  a  stag'  is  exhibited  through  the  flare,  i.e ., 
through  the  ratio  of  the'  diameter  to  the  blade  height,  d/l ,  and,  due  to 
the  double  curvature  of  the  channel,,  especially  in  the  root  portion  of  the  cascade. 

The  ratio  of  stage  diameters  to  blade  height,  d/l,  is  one  of  the  most  important 
characteristics  of  a  stage.  In  contemporary  turbines,  d/l  varies  in  very  wide 
limits  from  100  to  2.4.  The  influence  of  d/l  on  stage  performance  is  determined  by 
the  change  of  cascade  characteristics,  the  reaction,  and  the  peripheral  velocity  along 
the  height. 

For  a  stage  with  cylindrical  blading,  without  taking  leakages  into  account, 
the  reaction  of  the  stage  can  be  calculated  by  an  approximate  formula  (53] : 

e  =  Gcp  +  2(l  —  CcHWa,  (121) 


pending  on  1/ b  ratio  under  various 
conditions  of  tests  conducted  at  ME1: 
x  —  x  —  static  tests;,  experiments  in 
-turbine ;  O-O  —  at  b  i  51.5  mm; 

•  —  •  ^  at  b  =  41.-5  mm. 
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The  change  of  the  reaction,  depending  upon  height,  will  be  found  by  the 
following  formula: 

h  —  tt  _  l  / 

1  -He,  -^cos  “i-rf-*  (122) 

where  pn  is  the  reaction  on  the  periphery  and  is  the  root  reaction. 

Although  formula  (121')  was  derived  for  design  conditions  of  stage  performance, 
as  shown  by  experiment,  it  is  valid  in  a  sufficiently  wide  range  of  variation  of 

U/<V 

If  we  assume  in  first  approximation  that  the  angle  does  not  change  along 

O 

the  height,  then  at  (q>Cp  cos  a^)  =  0.9  we  will  obtain: 


Ja=3umSfrM.  (123) 

» —  it* 

Inasmuch  as  the  mean  reaction  of  the  stage  is .usually  selected  in  such  a  way 
so  that  p„  «  0  under  design  conditions,  the  formula  for  the  reaction  at  the 
periphery  will  take  on  the  following  form  (for  design  conditions) 


e« 


3,6 

i 


(124) 


Formulas  (123)  and  (124)  are  graphically  represented  in  Fig.  112. 


An  essential  change  of  the  reaction  along  the 

height  unfavorably  show's  up  In  cylindrical  blading, 

since  when  designing  a  stage  for  a  mean  cross  section, 

sufficiently,  large  zones  at  the  root  and  at  the 

periphery  are  in  off-design  conditions,  while 

nonoptimum  velocities  (M  and  M  )  and  nenoptimum 

1  2 

angles  of  entrance  to  the  moving  cascade  are 
obtained.  With  cylindrical,  blading,  along  the 
cascade  height  there,  is  a  change  in  the  relative 


Fig.  312.  Change  of  reac-  pitch  t.  The  sections  that  are  the  farthest  from 
tion  depending  upon  d/l . 

the  mean  section  -  the  root  and  the  peripheral  — 


at  low  d/7,  ratios  con  have  nonoptimum  values  of  relative  pitch,  which  lowers  the 
effectiveness  of  the  cascades.  A  decrease  of  d/l,  if  the  reaction  of  the  stage  is 
correctly  selected  and  there  is  a  small  positive  reaction  in  the  root  section  loads 
to  a  growth  of  the  reaction  on  the  periphery  (see  Fig.  112)  and  a  corresponding 
increase  of  leakages  through  the  peripheral  clearances.  The  loss  due  to  this 
leakage,  according  to  formula  (91 ),  is  proportional  to  the  following  quantity  (at 
l  «  const) 
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and  consequently,  upon  transition  from  d/l  =  30  to  d/l  =  10,  it  will  increase  by 
1.7  times. 

Ways  of  decreasing  the  negative  influence  of  small  d/l; 

1.  Twisting  of  profiles  or,  at  least,  twisting  of  the  rotor  blades. 

2.  Application  of  cascades  that  work  stably  in  a  wide  range  of  variation  of 
relative  pitch,  M  numbers,,  and  entrance  angles  for  moving  cascades. 

3.  Special  methods  of  meridional  profiling,  which  lower  the  pressure  drop 
along  the  height  and  increase  the  effectiveness  of  the  root  sections  of  the  nozzle 
cascade . 

4 .  Correct  selection  of  mean  reaction  of  stage,  which  ensures  the  smallest 
sum  of  losses  due  to  leakages  in  the  root  and  peripheral  clearances. 

5.  Good  stage  sealing. 

6.  -Change  of  blade  inclination. 

The  work  done  at  plants  and  scientific  organizations  on  the  creation  of  -new, 
aerodynamicaliy  improved,  profile  cascades  made  it  possible  at  present  not  only  to 

decrease  the  losses,  but  also  to  essentially 
increase  the  stability  to  changes  in  the 
conditions  of  flow..  The  graph  of  Fig.  113 
show  the  results  of  LMZ  experiments  for 
moving  cascades  of  the  old  and  new  types. 
From  a  consideration  of  the  graph  it  is 
clear  that  profile  losses  not  only 
decreased  from  7.5  to  3$,  but  for  a  new 
cascade,  in  a  wide  range  of  deviation  of 
the  entrance  angle,  they  are  almost 
constant  (with  a  change  by  25°). 

A  formula  that  considers  the  losses 
due  to  flare  was  proposed  by  G.  Flyugoj.' 
[115]  in  the  following  form: 


Fig.  113.  Profile  losses  in  a 

moving  cascade:  old  b)  and  new  a) 
type,,  depending  upon  change  of 
entrance  angle  Af3^  (LMZ  experiments). 


w = a  (~y  Tfe,,, 


(125) 


G.  Flyugol'  and,  after  him,  I.  Amboz  and  others  [130),  propose  to  take 
coefficient  A  -  0.5  to  1,  On  the  basis  of  MEI  experiments  conducted  with  stages 


£SS=S£JSasSK?@KMfi) 


having  contemporary  blading  (In  particular,  MEI  blading),  under  subcritical 
conditions,  it  is  possible  to  take  A  =  0.25. 

V.  Traupel  [96],  In  considering  the  change  of  efficiency  along  the  height  for 
a  square  parabola  with  maximum  efficiency  in  the  middle  section;  arrives  at  the 
same  formula  as  did  Flyugel ' ,  but  with  the  coefficient  A  -  1/5;  ;for:  profiles  of 

favorable  shape,  he  proposes  to  decrease  the  losses  due  to  flare  by  one  third,  i.e., 

*  *  '  n  *'■ 

he  obtains  the  coefficient  A  =  0.22. 

The  influence  of  diameter,  which  is  connected  with  an  increase  of  end  losses 
in  a  nozzle  cascade  due  to  do  ble  curvature,  unfortunately,  was  not  investigated; 
therefore,  its  estimate  can  be  only  very  rough. 

Thus,  for  instance,  for  a  complete  estimate  of  the  influence  of  diameter,  it 
is  possible  to  assume  the  following  estimate  formula: 

(j26) 

where  the  coefficient  K  is  taken  from  the  results  of  experiments. 

The  third  basic  geometric  parameter  that  determines  the  economy  of  a  stage  is 
the  ratio  of  the  discharge  areas  of  the  moving  and  nozzle  cascades,  Fg/F^.  The 
.effect  of  F^/Ff  on  efficiency  went  almost  unnoticed  until  not  too  long  ago.* 

Actually,  the  ratio  of  areas  Fg/F^  renders  an  essential  influence  on  the 
performance  of  a  stage,  also  on  its  reliability  and,  in  particular,  on  the  axial 
stress.  For  the  given  basic  dimensions,  of  a  stage  (d,  a^)  the  ratio  Fg/F^ 

determines  the  reaction  of  the  stage,  and' consequently,  the  cascade  losses,  losses 
with  the  outlet  velocity,  and  losses  due  to  leakages. 

The  influence  of  the  ratio  of  areas  Fg/F^  was  investigated  in  experimental 
turbines  by  a  number  of  scientific  organizations.  These  investigations  were  con¬ 
ducted  by  two  principally  different  methods.  In  air-driven  turbines  in  particular, 
at  BITM  and  LMZ,  the  angle  of  Incidence  cty  of  the  nozzle  cascade  was  varied;  the 
flow  area  of  the  nozzle  cascade  and,  consequently,  Fg/F^  was  then  varied. 
Analogous  tests  can  also  be  conducted  with  moving  rotor  blades  or  with  a  slight 
change  of  the  pitch  of  the  rotor  blades. 


*A  number  of  authors  still  disregard  this  important  stage  characteristic,  Thus, 
in  certain  special  books  devoted  to  the  designing  of  steps  of  steam  and  gas  turbines, 
the  ratio  Fg/F^  is  not  considered  as  a  determining  stage  parameter. 
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of  steam  turbines  according  to  1MZ  experiments,  a)  dependence  of  and  p^p  of 
typical  LMZ  stage  on  Fg/F^  for  various  heights  and  ratios  d/l 2;  curves:  1  — 

l i  =  47.1  mm  and  d/l2  =  9;  2  -  l±  =  29.4  mm,  d/lg  =  13.3,  and  6/l2  =  ,0.856;  b) 
dependence  of  for  various,  values  of  on  ratio  of  areas  F^/F2 ;  curves:  1  - 

experiments  with  experimental  air  turbine;  2  —  recalculation  of  curve  1  for  “zero 
leakages";  3  —  calculation  according  tp  results  of  static  tests  of  an  annular 
nozzle  cascade  (for  traverse  in  clearance)  and  a  two-dimensional  moving  cascade. 

4  —  calculation  according  to  results  of  static  tests  of  two-dimensional  cascades. 

Figure  114  a,  represents  an  LMZ  experimental  graph  of  the  influence  of  the  ratio 
of  areas  Fg/F^  for  a  typical  LMZ  stage  at  l ^  =  29.4  mm  and  l ^  =  47.1  mm.  The  area 
of  the  nozzle  cascade  was  determined  by  the  angle  of  incidence  (ciy  =  33°3o'  to 
40°40  ).  In  this  case  naturally,  the  characteristics  were  varied,  including  the 
losses  in  the  nozzle  cascade,  the  entrance  angle,  and  consequently,  the  losses  in 
the  moving  cascade.  The  graph  was  constructed  for  the  conditions  of  \a/c  ^  =  0.54 

and  M^;  *»  0.45.  For  this  stage,  at  =  29.4  mm,  there  is  a  change  of  the  mean 
stage  reaction.  -It  is  absolutely  obvious  that  such  a  method  of  investigating  the 
influence  on  efficiency  cannot  be  exhaustive.  It  is  of  Interest  only  in  two  cases. 
First,  if  during  design,  for  purposes  of  unification  or  reconstruction  of  a  turbine, 
it  is  necessary  to  apply  nonoptimal  design  ratios  of  cascades.  Secondly,  '’or 
checking  the  use  of  the  results  of  static  cascade  test's  during  calculation  and 
design  of  a  stage.  The  latter  was  accomplished  by  A.  0.  Lopatitskiy  and  is 
illustrated  for  an  LMZ  stage  with  l ^  =  29.4  mm  in  Fig.  Il4b.  Here,  under  the  same 
experimental  conditions,  curve  1  represents  the  obtained  experimental  dependences  of 
efficiency  with  the  use  of  the  outlet  velocity  ;  curve  2  shows  the  recalculation 
of  this  efficiency  for  "zero  leakages";  curve  3  gives  the  results  of  the  calculation 
of  a  stage  according  to  data  obtained  from  static  tests  of  two-dimensional  cascades. 
For  -  1.5*  efficiency  was  calculated  according  to  the  results  of  tests  of  an 

annular  cascade  (with  traverse  of  flow  in  clearance).  If  for  this  ratio,  Fg/F^, 
the  efficiency  calculated  according  to  the  results  of  investigations  of  straight 
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cascades  exceeds  the  experimental  value  by  2.3&  then  with  the  use  of  the  data  of 
investigations  of  an  annular  cascade,  the  efficiency  is  O.J>%  higher  than  according 
experiments  in  a  turbine.  This  confirms  the  earlier  point  of  view  (see  §  11) 
concerning  the  validity  of  extending  the  results  of  static  investigations  of 
annular  cascades  to  the.  calculation  of  a  stage  (If  losses  in  an  annular  moving 
cascade  are  considered,  the  efficiency  by  calculation  and  experiment  practically 
coincides). 

For  one  stage  ( l 1  -  47.1  mm)  the  LMZ  conducted  a  series  of  tests  in-  which  the 
angles  of  incidence  of  the  nozzle  cascade  and  the  pitch  in  the  moving  cascade  Were 
varied . 

The  degree  of  the  reaction  of  the  stage  within  the  limits  of  each  series  of 
experiments  with  a  constant  angle  of  nozzle  incidence  c was  varied  by  varying  the 

pitch  of  the  rotor  blades  in  the  limits 

_•» — — — — — — — — — — — — — — — — 

y  '  2  ,)  a 

—  - — in  which  it  does  not  yet  render  a  percept!- 
_ _ _ _ _  ble  influence  on  losses  (according  to 

<-  l<  •  *  - 

~xr‘  |  T-  static  investigations  of  two-dimensional 

efit  o  r  '<;»/  qx  o  , 

a)  cascades).  The  area  of  the  moving  cascade, 

£ - - '  —  .  ■I*-  I 

IM - - - - - - r _ . _  Fg,  was  also  varied.  The  results  of 

gjg. _ . _ _ these  tests  are  shown  in  Fig..  115;  where 

Ua,  *  JS  Ji  j»  -  39  a:  the  efficiency  of  the  stage  is  given. 

b) 

depending  upon  the  angle  of  nozzle 

Fig.  115.  Dependence  of  efficiency,  ^ 

*  *  incidence,  a  .  As  can  be  seen  from  a 

Dqjj'j  of  a  typical  LMZ  stage  :(l.  =  y 

=  47.1  mm,  d/lg  9)  on:  a),  reaction  consideration  of  the  graph,  a  change  of 

^  at  blade  root  for  various  pitch  the  ratio  of  areas  for  given  ay  practically 

of  moving  cascade,  t„;  b)  on  angle  .  .  .  „  .  , ..  .  .. 

2  ’  ■  did  not  influence  efficiency,  although  the 

of  incidence  of  nozzles;  a  .  Curves: 

0  i  y  n  i  reaction  of  the  stage,  including  the  root 

1  -  a „  =  3i»°30  ;  2  -  a  =  35°58  ; 

y  n  i  J  n  t  reaction  p„,  varied.  Figure  115a  shows 

5  -  <*y  =  37°58  ;  4  -  ay  =  39°20  ;  . 

A  _  t  _  o.8l6;  O  —  tg  =  0.757j  that  when  cty  »  const,  a  change  of  the 

*  —  t  -  0.665  (  LMZ  '  :pcriments).  root  reaction  pK  by  6  to  8^  did  not 

change  the  efficiency.  However,  the  results 


3)  M  JS  Jt  37  J$  "  39  aj 

to) 

Fig.  115.  Dependence  of  efficiency, 

* 

Dqjj',  of  a  typical  LMZ  stage  ,{l ^  = 

=  47.1  mm,  d/lg  =  9)  on:  a),  reaction 
at  blade  root  for  various  pitch 
of  moving  cascade,  t2;  b)  on  angle 
of  incidence  of  nozzles;  a°.  Curves: 

1  -  a  -  34°5p';  2  -  ay  =  35°58'; 

3  -  ay  =  37°58';  4  -  <*y  =  39°2o'; 

A  -  t2  =  0.816;  o  -  tg  =  0.757; 

*  -  t  ss  0.663  (  LMZ  '  :periments). 


of  the  LMZ  experiments  still  cannot  lead  to  the  conclusion  that  the  ratio  of  areas, 
including  the  reaction  of  the  stage,  does  not  affect  economy.  First,  the  change 
of  the  reaction  within  the  limits  of  each  series  of  experiments  was  not  so  large  as 
to  cause  a  noticeable  redistribution  of  the  heat  drops  through  the  cascades.  Secondly, 


the  investigations  were  conducted  at  low  velocities;  therefore,  a  change  of  the 
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velocities  M  and  M  practically  did  not  affect  the  cascade  losses.  Third,  there 
vl  "{>  •  ' 

were  no  leakages  in  the  root  clearance,  and  those  in  the  peripheral  clearance  were 
insignificant;  consequently,  a  change  of  the  reaction  in  the  given  experiments  did 
not  affect  the  losses  due  to  parasitic  leakages  in  the  stage.  Finally,  Fig.  115b  ’ 
gives  the  efficiency  of  a  stage  with  the  use  of  the  outlet  velocity  A  change 

of  the  area  of  the  moving  cascade,  which  causes  a  corresponding  change  of  the  outlet 
velocity,  did  not  change  the  efficiency  t)^. 

it.  is  interesting  to  note  that  a  slight  negative  reaction  of  a  stage-  In  the 
absence  of  leakages  does  not  give  a  perceptible  lowering  of  efficiency  of  the  stage; 
this  coincides  with  the  MEI  experiments. 

An  investigation  of  the  ratio  of  areas  was  conducted  at  MEI  by  another  method. 
Several  cascade  combinations  were  tested  in  an  experimental  turbine.  The  cascade 

heights  and  chords,  the  diameter,  and  all 

Pip  -  1  9 * 

clearances  were  kept  constant.  The  cascades 

_  .  -^-o.  r*"  g<J  used  for  these  combinations  possessed  approxi- 

"  -  ^  mately  equal  economy  and  each  one  had  optimum 

01  - A  tr- - - - - - 0.10  .  relative  pitch  and  angles  of  incidence .  Therefore 

V"  the  difference  in  effectiveness  of  stages  was 

**5  JT ’  ~ '  '  0,15  mainly  determined  by  the  ratio  of  areas,  F^/F^, 

°  V  which  was  changed  for  each  combination.  Thus, 

^  ^  ,4  V1  Ft  six  combinations  were  investigated  with  l^  = 

_HW  -  _ _ V _ _  =  25  mm  and  d  =  534  mm  and  four  combinations 

<  o V  (  with  =  48  mm  and  d  =  400  mm.  The  ratio  of 

-Ot - L- — - J - -  areas  in  these  experiments  varied  in  the  range 

Fig.  116.  Influence  of  ratio  of '1.356  s  F9/F.  S  2.01.  Stages  with  different 

of  areas  Fg/F^  on  characteris-  '  d  1 

tics  of  stages,  according  to  W  as  should  have  been  exPected>  had  various 

MEI  experiments.  reactions.  Figure  116  shows  the  dependence  of 

O—O—O—/,  -  «*  MM,  HI,  r>  7,7i  *-#-«-/  » 

- » Ml,  HI,  19.  _  ,  , .  ,  ,  - 

mean  reaction  pCp  of  a  stage  on  the  ratio  of 
areas  at  e  =  0.7  and  x^  -  0.45.  In  spite  of  the  difference  in  d /l  and  a^,  and  the 
cascades  Ihomoelvos ,  the  functional  dependence  p^  =  f (Fg/F^ ).  was  single-valued 
and  ‘ilmost;  linear.  Even  before  a  consideration  of  the  graphs  of  the  dependence  of 
efficiency  on  F,/^,  It  is  clear  from  this  curve,  pCp  =  f (Fg/F^),  that  very  small 
Fg/F^  ration  lead  to  considerable  reactions,  and  consequently  also  to  large  losses 
duo  to  leakage;  conversely,  very  largo  Fg/F^  ratio  can  cause  a  profound  negative 
reaction  which  lowers  efficiency  with  practically  inevitable  suction.  For  the  given 


O'  I' 
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operating  conditions,  ,e,  =  Q.7,  x^  =  0.4$  «  x^>on^<  *n  analysis  of  the  curve  for 
PCp  =  f (Fg/F^)  can  preliminarily  predict  the  optimum  ratios  of  areas,  F^/j^  =  1.5 
to  1.8.  The  relative  internal  efficiency  of  stages  without  the  use  of  the  outlet 
velocity,  Tj0i»  depending  upon  is  shown  in  Fig.  116.  Here  the  zone  of  optimum, 

ratios  of  areas  was  expanded  to  F^/F^  “  1.9.  It  should  be  borne  in  mind  that  these 
experiments  were  conducted  in  the  absence  of  leakage  in  the  root  clearance,  when  a 

slight "negative  reaction  did  not  affect 
the  economy  of  the  stage.  Actually,  these 
leakages  always  take  place  in  a  turbine; 
therefore,  the  optimum  ratio  of  areas, 

Fg/F^  =  l.1*'  to  1.7,  should  be  recommended, 
depending  upon  the  relative  size  of  the 
clearances  through  which  leakage  is 
possible.  Figure  Alfa  gives  the  value  of. 
efficiency,  T)ot,  depending  upon  the  mean 
reaction.  This  graph  was  reconstructed 
from  the  preceding  one.  Figure  117b,  for 
the  same -^stages,  gives  the  dependence  of 
efficiency  on  the  root  reaction.  It  is 
interesting  to  note  that  in  the  zone  of 
the  negative  root  reaction  to  pH  «  0.1, 
the  efficiency  of  the  stage  is  not  lowered 
(there  were  no  leakages  in  the  root 
clearance)'  and,  as  compared  to  the  positive 
reaction  at  the  root,  it  is  even  increased  somewhat.  Thus,  as  in  the  LMZ  experiments, 
a  small  negative  reaction  at  the  root  does'  riot  lead  to  a  lowering  of  economy.  It 
is  necessary,  indeed,  to  stipulate  that,,  first  of  all,  this  pertains  not  to  all 
stages,  and  secondly,  in  the  absence  of  suction  in  the  root  clearance.  The  high 
efficiency  of  the  MEI  stages  with  a  noga".  Ive  reaction  is  not  accidental.  A 
calculation  of  tho  stages  according  to  static  tests  of  annular  cascades  sufficiently 
well  confirmed  the  dependence  =  f^Fg/F^)  =  f  *  ( p )  which  was  obtained  in 
experiments  with  an  experimental  turbine.  Indeed,  with  the  same  heat  drop  of  the 
stage,  the  drop  in  the  nozzle  cascade,  whose  velocity  coefficient  <p  is  high, 
increases,  and  decreases  in  the  moving  cascade.  At  the  same  time,  a  certain  lowering 
of  the  conditions  of  flow  past  the  moving  cascade  with  a  negative  reaction,  in 


Fig.  117.  Dependence  of  the  effi¬ 
ciency  T)Ci,  of  a  stage  on  the  reaction,. 

with  e  =  0,7  and  u/c  ^  =  0.45 

(according  to  :MEI  experiments) :  a) 
change  of  from  mean  reaction  .p^;. 

b)  change  of  from  root  reaction  pR 

(in  the  absence  of  leakages  in  foot 
clearance ) , 
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connection  with  the  insignificant  influence  of  the  velocity  coefficient  i*  on  the 
efficiency  of  an  impluse  stage,  does  not  play  a  large  role.  F  rthermore,  a  decrease 
in  the  reaction  at  the  root  for  the  given  d/l  corresponded  to  a  decrease  in  the 
reaction  on  the  periphery  and  a  reduction  in  steam  leakage  over  the  blade  shroud. 

For  moderate  values  of  u/c^,  while  angle  a 2  is  less  than  9°°»  a  lowering  of  the 
reaction,  caused  by  the  growth  of  Fg/F^,  leads  to  a  certain  decrease  in  losses  with 
the  outlet  velocity. 

Experiments  at  KhPI  [112],  conducted  with  stages  having  the  ratio  d/l  =  19, 
showed  that  a  negative  reaction  did  not  lead  to  the  appearance  of  reverse  leakages 
or  separation  of  flow  at  the  blade  root,  but  rendered  an  influence  only  on  the 
velocity  coefficient  in  the  moving  cascade.  The  latter,  depending  upon  the 
geometric  characteristics  of  the  stage,  was  decreased  by  2  to  5$. 

The  change  of  Fg/F^,  and  consequently,  the  reaction  pc^ ,  changes  the  optimum 

velocity  ratio.  This  is  confirmed;  by  experiments  and  calculations  and  is  considered 

in  a  graph  (see  Fig.  88),  where  recommendations  are'  given  for  the  selection  of  an 

optimum  velocity  ratio,  xf, 

‘  ^OIIT 

§  22.  TIE  INFLUENCE  OF  CERTAIN  DESIGN  CHANGES  ON  THE 
CHARACTERISTICS.  OF  A  STAGE 

Besides  the  basic  geometric  parameters  considered  in  the  preceding  paragraph, 
the  performance  of  a  stage  is  also  influenced  by  other  changes  in  the  design  and 
dimensions  of  the  stage.  In  the,  first  place,  they  include  a  change  in  the  ‘dimensions 
of  the  cascades  themselves  (besides- the  height  and:  diameter  which  were -considered 
earlier),  the  clearances,  and  the  overlaps. 

When  designing  a  stage,  for  purposes  of  unification  and  increasing  the 
.reliability,  it  may  be  necessary  to'  change  such  geometric  parameters  of  the  -cascades 
as  relative  pitch,  trailing  edge,  and  chord.  By  changing  the  relative  pitch,  the 
behavior  of  the  change  of  the  cascade  losses  and-  the  velocity  coefficients  can  be 
determined  according  to  the  cascade  characteristics.  The  flow  rate  coefficient  of 
a  cascade  depends  very  little  on  relative  pitch;  The  change  of  the  cascade  losses 
from  the  thickness  of  the  trailing  edge  can  be  found  analogously.  The  thickness 
of  the  trailing  edges  has  a  weak  effect  on  the  flow  rate  coefficient,  since  the 
flow  rate  coefficient  of  a  cascade  depends  on  the  flow  inside  the  convergent  part 
of  the  channel,  and  not  on  the  process  behind  the  cascade  of  even  in  the  slanting 
shear.  After  the  change  of  the  cascade  losses  is  determined  with  respect  to  the 
cascade  characteristics,  it  is  necessary  to  estimate  how  this  will  affect  the 
efficiency  of  the  entire  stage. 
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If'  the  velocity  coefficient  9  varied  by  the  quantity  £<p,  the  efficiency  of 
the  stage  will  vary  correspondingly  by  the  quantity 

(AtuJ*  —  2x#V'  l— Ceos  a,  A$>;  (130) 

analogously  with  a  change  of  the  velocity  coefficient  of  the  moving  cascade  f 

(A»uJ*  «  2*4  VT=^ ^co.pf(l  -!-e ~r~~ )  At.  (131 ) 

If  the  cascade  chord  Is  changed,  the  end  losses,  edge  losses  (with  the  same  thickness 
of  the  trailing  edge),  and  also  the  profile  losses  are  also  changed.  For  a  two- 
dimensional  cascade  the  influence  of  chord  and  the  question  of  its  optimum  value 
is  considered  in  §  10.  It  should  be  borne  in  mind  that  profile  losses  (without 
edge  losses)  will  not  vary  only  at  Reynolds  numbers  exceeding  Reg^^,  and  for  a 
hydraulically  smooth  blade  surface.  Otherwise  a  decrease  of  chord- will  lead  to  an 
increase  of  profile  losses. 

The  conclusions;  in  §  10  can  be  used  quantitatively  only  for  two-dimensional 
cascades,  and  they  can  be  applied  qualitative ; j  and  approximately  quantitatively  to 
stages  only  with  large  diameters.  For  stages  w'<tn  small  diameters,  the  cascade 
losses  to  a  considerable  extent  will  be  determined  by  the  losses  due  to  the  double 
curvature  of  the  channel,  and?  the  transfer  of  the  results  of  static  tests  of  two- 
dimensional  cascades  can  lead  to  incorrect  conclusions  for  such  a  stage.  Thus, 
in  experiments  *[66]  with  a  typical  LMZ  stage  for  three  dimensions  of  blade  heights 
and  two  values  of  chord  of  the  nozzle  cascade,  results  were  obtained  which  contradict 
the  experiments  with  two-dimensional  cascades  and  coincide  with  the  experiments  with 
an  annular  cascade  „  Those  qualitative  contradictions  are  explained,  in  the  first 
place,  by  the  small  diameter  of  the  stage:  the  root  diameter  is  >1 00  mm  for  chords 


that  correspond  to  d  =  1  m,  a  large  coincidence  with  the  results  of  static  wsts  of 
two-dimensional  cascades  was  obtained  at  BITM  during  tests  of  a  series  of  stages 
with  a  root  diameter  of  800  mm. 

Four  heights  and  four  chords  of  a  nozzle  cascade  were  investigated  (maintaining 
absolute  similarity),  i.e.,  16  variants;  angle  4  *  11.5°';  *»  0.3;  Re1  = 

=  (2  to  8)  x  io5,  and  for  small  chords  Re  is  lower  than  ReflHTOU.  In  spite  of  this. 
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Figt  118.  Effect  of  chord  of  nozzle 
blades  b^  on  economy  of  a.. stage J  accord¬ 
ing  to  BIT';!  experiments  with  similar 
profiles  and  channels  [at  dR  =  800  mm, 

Mc  ±  =  0.3,  Rec  ±  =  (2  to  8).105]. 


in  all  experiments  with  heights  of 
25  and  40  mm  a  decrease  of  chord  had  a 
favorable  effect  on  efficiency.  The 
results  of  these  experiments  are  shown 
in  Fig.  118.  Un'r  rtunately,  there  are 
still  few- experiments  in  experimental 
turbines  and  with  annular  cascades  for 
studying  the  influence  of  chord. 
Moreover,  the  experiments  at  LMZ  and 
BITM  were  not  conducted  with  actual 
welded  diaphragms,  but  with  blades  of 
special,  more-  careful  manufacture, 
where,  naturally,  the  end  losses  are 


lower  than  in  turbine  diaphragms.  The  ME  I  [35]  tested  a  Kfl-2-lA  stage  with  1 1  = 

=  20  nun  and  d  =  534  mm  .with  two  diaphragms  that  differed  only  by  the  blade  chord. 

The  blade  height  did  not  vary;  the  remaining  cascade  dimensions  varied  in  proportion 
to  the-  chord  in  such  a.  way.  that-  the  profiles  and  -the  channels  were  similar.  The 
narrow  diaphragm,  which  was  45  mm  wide  with  a  blade  width  of  30. 6  mm,  had  Z^/b^  = 

=  0.3 9;  the  wide  diaphragm  was  68  mm,  60  mm,  and  l1/b1  =  0.20,  respectively. 
Investigations  of  these'  stages  in  an  experimental  turbine  with  e  =  0.6  and  Re  = 

r* 

=  6*10J>  showed  that  the  maximum  difference  in  efficiency  reaches  2,5$;  this 

corresponds  to  a  calculation  on  the  basis  of  static  tests  of  the  investigated 

•> 

diaphragms. 

The  influence  of  the  chord  of  nozzle  cascades  on  the  pressure  variation  behind 
the  diaphragm  was  noted  by  A.  V.  Garkusha  at  KhPI.  The  complete  equation  of  radial 
equilibrium  (see  §  37)  shows  that  with  the  decrease  of  chord,  the  influence  of  the 

5cr 

term  ca  =  increases.  Thus,  a  change  of  blade  chord  affects  the  reaction  of  a 
stage  and  the  leakage. 


From  the  KhPI  experiments  [112],  the  dependence  of  losses  in  an  annular  cascade 
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on  chord  was  established  for  constant  d  and  l  (l/b  =  1.22,  0.61,  and  O.305  were 
investigated),  which  is  determined  by  the'  axial  clearance  between  the  nozzle  and 
rotor  blades.  For  small  values  of  these  clearances,  absolute  similarity  of  profiles, 
and  t  =  const,  there  is  an.optimum  value  of  blade  chord. 

Thus,  for  instance^  when  6_  _/b  »  O.65,  the  least  cascade  losses  are 

'  Ot  v 

attained  at  l/b  =  0.6.  An  increase  of  chord  lowers  <p  twice  by  1-.5J (i  As  &3<CA 
increase,  the  minimum  of  losses  is  displaced  in  the'  direction  of  smaller  chords. 

The  application  of  small  chords  for  nozzle  cascades,  the  sorcalled  narrow 
blades,  is  usually  required  for  increasing  the  rigidity  of  mounting  the  strips,  for 

example,  as  shown  for  a  KhTGZ-  turbine  in  Fig.  86a, 
and  an  LMZ  turbine  In  Fig.  119..  The  experiments  of 
various  organizations,  including  the  LMZ  experiments 
with  a  turbine,  showed  that  these  strips  have  .little 
effect  on  efficiency,  under  the  condition  that  they 
do  not  block  the  flow,  of  course. 

When  designing  a  stage,  the  designer  can,:  in 
rather  wide  limits,  vary  the  distance  between  the 
trailing  edges  of  the  nozzle  cascade  and  the  leading 
edges  of  the  moving  cascade.  This  distance  —  the 
so-called  complete  axial  clearance  6^  —  is  composed 


of  6 


3.C 


the  closed  clearance  of  the  nozzle 


Fig.  119.  Diagram  of  a 
stage  with  narrow  nozzle 
blades  and  stiffeners  (LMZ 
experimental  turbine). 


grid,.  6’&n  —  the  open  clearance,  and  63.p— 
the  closed  clearance  of  the  moving  cascade  (see 
Fig,  ) .  The  open  clearance  is  limited  by  the 
accuracy  of  assembly  and  the  thermal  expansions  under 
nonsteady  conditions.  Its  minimum  value  depends  on  a 
number  of  design  and  performance  factors.  The  smaller  this  clearance,  is  the  less 
the  leakage  of  the  blade  shroud,  and  the  .higher  the  efficiency.  The  closed  clearance 
of  the  moving  blades,  fig  p,  can  vary  practically  in  a  narrow  range.  It.  is 
inconvenient  to  increase  it  constructively.  At  th«  same  time,  the  closed  axial 
clearance  of  the  nozzle  cascade  can  vary  in  a  wide  range,  from  minimum,  which  .Lr; 
determined  by  the  technology  of  manufacture  of  the  diaphragm,  to  practically  any 
value , 

Let  us  consider  how  a  change  of  the  complete  clearance,  by  means  of  changing  the 
closed  axial  clearance  of  the  nozzle  grid  63jC,  will  affect  stagj  performance. 
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As  5  3<c  increases,  the  frictional  losses  on  the  end  walls  of  the  nozzle 
cascade  increase  along  the  length  of  I.  M.  Vol'fson  proposed  a  formula 

for  determining  these  losses  [12],  which  is  well  confirmed  by  experiments  at  LMZ 
and  KhPI 


C*.*  *=? 


R«?;14  /,«in«i  * 


(132)  . 


where 


*-t{ -fa?)- 


These  losses  may  be  calculated  approximately  by  the  following  formula: 

„  _  0.45*  !0**  ft,.e 

Ut=r  Re»-“  *  ’ 


(135) 


It  should  be  borne  in-mind  that  formula  (132)  was  derived  for  two-dimensional 
cascades. 

As  it  is  known,  at  the  exit  ycf  a  nozzle  cascade  the  flow  is  nonuniform;  for 
contemporary  cascades,  working  under  design  conditions  of  flpw,  this  nonuniformity 

depends  mainly  on  the  thick- 
— yyr-n— ocg««  ness,  of  the  trailing  edge 

~ - Ajjp,  or  to  be  more  exact, 

— —  ^7^  Tr  1  ■■ 1  -  ■«  1  v- 

_ 3  on  Anp/t  and  on  the  distance 

• t  TT"~  behind  the  trailing  edges, 

Wf~  The  further  behind  the  cascade 

~  7*  ■“  ?*  ,  the  measliremen't  Is  conducted, 

■a*  0  m  US  ^ K  the  larger  the  losses,,  since 

Fig.  120.  Change  of  field  of  static  pressure,  .  .  ,  _  ,  .  .  „  _ 

P1  =  pl/p0J  stagnation  pressure,  pQ1  =  P0i/Po»  balancing  end  mixing  of  flow 

with  respect  to  pitch  and  height  behind  the  requires  additional  energy, 

nozzle  cascade  of  a  stage  (lg  *  80.5  mm,  d/l  =7) 

with  cylindrical  blading  and  stamped  nozzle  blades:  Furthermore,  along  the  cascade 

P-_  =  0  (u/cA  ,  BITM  experiments).  ..  .  ..  . 

*cp  '  '  TonT  *  '  pitch  there  is  some  non¬ 

uniformity  connected  with  the 


t  «♦  o  m  oj)  4.4,-at  o  m 


various  static  pressure.  This  was  noted  by  us  earlier  (see  Fig.  84)  and  is  confirmed 
by  many  other  experiments.  For  instance,  Fig.  120,  according  to  the  experiments  of 
I.  I.  Kirillov  and  R.  M.  Yablonik  [5],  gives  graphs  of  the  change  of  the  field  of 
static  and  total  pressure  in  the  clearance  between  the  nozzle  and  moving  cascades  in 
various  sections  along  the  pitch.  The  field  and  angles  of  flow,  a^,  also  vary  along 
the  pitch.  The  larger  the  complete  axial  clearance  is,  the  greater  the  mixing 
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of  flow  and  the  greater  the  losses  due  to 
mixing.  Usually  at  a  distance  of  6  *=  1.5t 
from  the  trailing  edges  of  the  nozzles  there 
occurs  "a  sufficiently  complete  balancing  of 
the  flow.  Cn  the  other  hand,  the  losses  i:i 
the  moving  cascade  to  a  considerable  extent 

Fig.  121.  Dependence  of  the  effi-  are  determined.-by  the  entrance  conditions. 

ciency  of  a  stage  on  the  closed  „  -  .  „  ,  ...  .  .  ..  „ 

_  Nonuniformity  of  flow,  at  the  entrance  to  the 

axial  clearance  of  a  nozzle  cascade 

63.c  (BITM.'?e3cperiments) .  moving  cascade  and  deviation  of  angle  from 

the  calculated  value  increase  the  losses  in 
the  moving  cascade,  and  consequently,  also  in  the  stage.  An  analytic,  calculation 
of  the  change  of  efficiency  of  &  stage,  depending  upon  the  complete  clearance,  is 
difficult.  As  shown  by  experiments  in  experimental  turbines  at  BITM,  TsKTI,  LMZ, 
and  MEI,  these  losses  are  of  approximately  one  order;  therefqre,,  it  is  natural  to 
expect  the  optimum  value  of  the  complete  clearance.  It  is  assumed-  here  that  the 
losses  due  to  leakage  do  not  change  or  at  least  their  change  is  immaterial.  Experi¬ 
ments  at  BITM,  where  the  influence  of  closed  clearances  was  investigated  in  detail, 
showed  that  there  actually  exists  a  value  of  such  an  optimum  clearance.  The  results 
of  this  investigation  are  shown  in  Fig.  121  [5]  for  a  stage  with  cylindrical  blading 
(Z^  =  66  mm,,  d  =  5^9  mm,  x^,  ”  0.53,  bfln  ■  1  mm  »  const). 

The  reaction  in  the  stage  changes  along  the  height;  the  difference  of  the 
reaction  at  the  periphery  and  at  the  root  depends  mainly  on  d/Z .  With  an  increase 
of  the  closed  clearance  and,  in  general,  the  complete  axial  clearance  (with  constant 
open  clearance)  the  difference  of  the  reaction,  Ap  =  pn  -  PK  »  increases:  the 
pressure  at  the  periphery  increases  and  decreases,  at  the  root.  This  change  of  the 
reaction  at  the  ends  of  the  blades  occurs  up  to  a  definite  value  of  the  clearance. 

The  mean  reaction  of  the  stage  p„_  practically  does  not  change  in  this  instance. 

op 

Both  statements  expressed  above  are  confirmed  by  numerous  experiments,  for  instance 
the  experiments  of  W.  Hartmann  [1^3]  (sec  Fig.  122a)  and  BITM  experiments  (see 
Fig.  l??b ).  A  certain  increase  of  the  difference  of  the  reaction  along  the  height 
will  have  little  effect  on  the  conditions  of  entrance  to  the  moving  cascade;  however, 
the  losses  due  to  leakage  con  change.  Therefore,  the  optimum  value  of  the  closed 
clearance  depends  or.  d/Z,  which  determines  Ap  =  p  n  -  pK  ,  and  on  the  clearance 
sealing.  With  a  largo  0/1  and  good  sealing,  the  optimum  value  of  the  complete  axial 
clearance,  other  things  being  equal,  will  be  higher  than  for  a  relatively  large 
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Fig.-  122.  Reaction-  of  a  stage  depending 
upon'  axial  clearance:  a)  mean  reaction 
of  stage;  when  6  >  3  mm  the  leakage 

a 

over  the  shroud  is-  limited  by  the  con¬ 
stant  radial  clearance  6^;  b^  =  '5Q  nan, 

d/l2  =  9.1,  u/c(J)  =  °.55  '(experiments 

at  the  Dresden  Institute);  b)  reaction 
on  the  periphery  pn  and  at  the  root 

pK  for  a  stage  with  cylindrical  blad¬ 
ing,  l1  =  66  mm,  d/l±  =  8. 3,  u/c^  - 
=0.53  (BITM  experiments). 


magnitude  of  leakage.,  Furthermore,  the 
magnitude  of  the  optimum  clearance 
(6«L„,n  is  influenced  by  the  thickness 
of  the  trailing  edge  of  the  nozzle  . 
blades  (the  greater  AKp  is,  the  greater 
(6a)onT )  the  s^ape  of  the  moving 
cascade.  If  the  moving  cascade  is  hot 
very  sensitive  to  a  change  of  the  entrance 
conditions,  the  closed  clearance  should 
be  small. 

For  want  of  reliable  data  on  the 
influence  of  periodic  instability  on  the 
flow  in  moving  cascades  of  various 
shape,  it  is  necessary  to  limit  ourselves 
to  a  rough  estimate  of  the  optimum  value 
of  the  total  closed  axial  clearance.. 

*,  =  (0.05-0.10)/,;  (134)'. 

the  smaller  value  of  the  coefficient 
pertains  to  small  d /l  and. the  worst 
sealing;  the  large  value  refers  to  large 
d/l  and  good:  stage  sealing;* 


Inasmuch  as  independently  of  cascade  height  there  occurs  practically  full 
balancing  of  the  flow  at  a  distance  of  6  «  (1.2  to  1.5)t  from  the  trailing  edges 
of  the  nozzle  cascade,  the  full  axial  clearance  should  not  be  larger  than  this 
magnitude,  independently  of  the  calculation  by  formula  (134).  An  increase  of  the 
full  axial  clearance  is  favorable  from  the  point  of  view  of  vibrational  reliability 
of  the  rotor  blades.  However,  even  here  it  is  important  only  within  the  limits  of 
the  quantity  6  <  (1  -  1.5)t. 

The  open  axial  clearances  in  a  stage  i.e.,  at  the  periphery  6&n  and  at  the 
root  6  ,  and  also  the  radial  seal  above  the  shroud  of  the  rotor  blade,  6  , 
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"The  optimum  value  of  the  total  axial  clearance  also  depends  on  the  conditions 
of  entrance  to  the  moving  cascade.  Thus,  according  to  LMZ  experiments,  it  turned 
out  that  at  an  off-design  angle  of  entrance  to  the  moving  cascade  the  magnitude  of 
the  optimum  clearance  noticeably  decreases. 
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determine  the  losses  due  to  parasitic  leakages  and  also  render  a  noticeable  influence 
on  the  reaction  of  the  stage.  The  method  of  calculating  the  losses  due  to  leakages 
in  these  clearances  was  discussed  in  §  12.  The  results  of  ah  experimental 
investigation  are  considered  here. 

Leakage  or  suction  in  clearance  changes  the  reaction  of  the  entire  stage,  but 
mostly  the  reaction  in  that  part  of  the  stage  where  leakage  occurs.  Leakage  decreases 

the  reaction,  while  suction  increases  it.  This  is 
clearly  illustrated  by  the  graph  in  Fig.  123,  where 
experiments  on  a  traverse  of  flow  in  a  clearance  are 
shown  for  a  typical  LMZ  stage  with  l ^  =  47.1  mm, 
d/l2  =  9.0,  and  x^  =  0.54.  Curve  2  corresponds  to 
an  experiment  in  the  absence  of  leakages.  The 
reactions  along  the  height  change  linearly,  and  the 

0  Af» 

mean  reaction  pCp  =  0.16.  Curve  1,  for  suction  -g-  = 

=  2. 42#  in  the  root  clearance,  illustrates  a  mean 

reaction  of  =  0.24;  in  the  lower  sections  the 

change  of  the  reaction  deviated  from  the  linear  law. 

3n  the  case  of  leakage  AG/G  =  1.7#  in  the  same  ;root 

clearance  (see  curve  3),  the  mean  reaction  decreased 

to  p  -  .  =  0.09,  whereby  in  the  lower  part  of  the  blade, 
cp 

from  the  root  section  to  a -height  equal  to  0.21,  the 
reaction  remained  constant  and  practically -equal  to 
zero.  This  is  explained  by  the  fact  that  during  leakage,  independently  of  the  sign, 
the  absolute  value  of  the  reaction  decreases.  Analogous  results  of  measurement  of 
the  reaction  due  to  leakages  were  observed  by  all  researchers. 

It  is  important  to  note  that  when  there  is  steam  leakage  in  a  clearance,  just 
as  in  the  absence  of  this  leakage,  the  reaction  on  the  ends  of  the  blades  and  the 
moan  reaction  change  linearly  depending  upon  the  velocity  ratio  u/c,j,.  This  may 
bo  scon  from  an  Illustration  (Fig.  324),  where  for  a  K£-2-2A  stage,  l ^  =  48  mm, 
d/i2  «  7.7,  and  Fg/^l  =  a  graph  for  pn  =  f(u/c  )  and  pK  =  f  (u/c  ^  )  at 

e  =  0.7  is  presented  for  four  values  of  steam  suction  in  a  root  clearance  from 
y  =  0  to  ^  =  3#>  The  root  reaction  in  this  case  increased  to  a  larger  degree 
han  the  peripheral  reaction. 

We  shall  consider  the  change  of  the  reaction,  analogous  to  [83],  for  steam 
leakage , 
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Fig;  3123.  Results  of 
traverse  of  flow  in  a 
clearance  of  an  LMZ 
stage;  l ^  =  47.1  mm, 

d/l2  =  9.0;  u/c^  =  0.54 

( LMZ  experiments):  1  — 
suction  in  root  clearance 
AG/G  =  2.42#;  2  -  no 
leakages;  3  -  leakage  in 
root  clearance  AG/G  -  1.7#. 
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1.  Leakage  over  the  shroud  (the 
reaction  at  the  periphery  is  positive). 

The  steam  flow  through  the  nozzle 
cascade  is  equal  to  the  sum  of  the  flow 
rates  through  the  moving  cascade  and 
the  leakage  over  the  shroud 

Gt-Ot+Gji 


Fig.  124.  Dependence  of  root  pK  and 

peripheral  reaction  p  n  on  u/c^  and 

steam  suction  in  root  clearance  (MEI 
experiments). 


I '/fit  ^ 

•u  v* 


where 


Then,  approximately. 


where 


I«  _  Fin 

~  (•> F,  ' 

Let  us  assume  that  the  change  of  the  reaction  due  to  leakage  is  analogous  to 
-the  change  of  the  reaction  -that  is  caused  by  a  reduction  in  the  area  of  the  nozzle 


cascade  from  to  F^.  Then 


(155) 


where  k  is  found  from  formula  (76) 


* 


iF,/F»), 


(136) 


k  =  0.55  to  1.00,  whereby  the  greater  x  ^  is,  the  smaller  k  is, 

2.  Suction  over  the  shroud  (the  reaction  at  the  periphery  is  negative). 

In  this  case  the  flow  rate  balance  will  be  written  in  the  following  manner: 

C,  =  Gj  -f  Gr 

If  at  the  entrance  to  the  moving  cascade  we  write  a  continuity  equation  for  the 


flow  after  mixing 


=  G,  - 
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where 


ct  “ 

Since 

*1  »w  T  *1  * 

then 

; 

and  in  final  form  we  will  obtain: 

*  o 

A*,  =  C/  -  «  - -  2*/i,  (157 ) 

3.  Steam  leakage  in  the  root  clearance: 

A  (137a) 

;l .  Steam  suction  in  the  root  clearance 

Ae,=  C/-«  =  -2*-^-.  (137b) 

In  formulas  (136)  and  (137)  it  is  necessary  to  place  not  the  theoretical  values 
of  the  reaction,  but  the  actual  ones,  talcing  into  account  the  leakages.  Thus,  a 
calculation  may  be  performed  by  the  formulas,  either  by  the  method  of  successive 
approximations  or  by  using  the  graph  in  Fig.  68,  where  for  the  case  of  leakage 


and  for  the  case  of  suction 


d>  = 


It  *tn  <tj 


(f+i) 


<D  =  . 


2«« 


/•  sin 


*  (,+*r)‘ 


Graph  68  is  constructed  for  k  =  0.7. 

Figure  125  shows  the  concluding  graphs  of  the  influence  of  leakages  In  the  root 
clearance  on  the  mean  reaction  of  a  stage  according  to  LMZ  and  MEI  experiments. 

Here,  for  these  stages,  the  lines  pCp  =  f (AG/G)  are  drawn  (constructed  according  to 
the  calculation  formulas  of  this  paragraph).  The  coincidence  of  the  calculation 
and  the  experiments  lr.  all  cases  is  not  good.  In  our  opinion,  this  Is  explained 
mainly  by  the  difficulties  in  the  accurate  measurement  of  the  reaction  of  stages  in 
experimental  turbines.  The  accuracy  of  reaction  measurement  may  be  seen  in  §§  16 
and  .19.  The  change  of  economy  of  a  stage  due  to  leakages  in  open  clearances  was 
discussed  in  §  12.  Let  us  consider  here  the  results  of  an  experimental  investigation. 
Numerous  experiments  give  the  following  qualitative  picture:  any  Increase  of  the 
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peripheral  clearances,  which  leads  to  an  increase  of  steam  leakage,  lowers  the 
economy  of  a  stage.  Thus,  in  all  cases  the  efficiency  of  a  stage  decreases  when 
there  is  suction  in  the  root  clearance.  Here  the  influence  of  suction  to  a 
considerable  extent  is  determined  by  the  root  reaction  of  the  stage.  In  this 
clearance,  when  there  is  very  little  leakage,  the  efficiency  of  the  stage  almost 
does  not  change,  and  sometimes  it  even  increases  somewhat.  These  statements  are 
connected  with  the  favorable  influence  of  suction  of  the  boundary  layer  and  the 
best  conditions  of  entrance  to  the  moving  cascade  in  its  lower  part.  A  further 
increase  of  leakage  inevitably  lowers  the  economy  of  the  stage.  The  difference  in 
the  change  of  efficiency  during  steam  leakage  in  the  peripheral  and  root  clearances 
is  explained  by  the  considerable  losses  in  the  root  portion  of  the  annular  nozzle 
cascade . 


-  (dotted  line). 

Figure  126a  gives  experimental  graphs  from  LMZ  which  consider  the  influence 
of  leakages  in  the  root  clearance.  The  experimental  points  on  the  graph  confirm 
the  statements  made  above.  In  a  stage  with  a  low  height,  especially  in  a  stage 
with  a  small  diameter.  In  the  lower  part  of  the  nozzle  cascade  the  losses  are  so  much 
greater  that  the  certain  decrease  in  efficiency  due  to  suction  is  insignificant  for 
the  entire  stage.  With  leakage  up  to  1-2#  the  efficiency  practically  does  not 
change.  The  effect  of  leakage  on  the  economy  of  a  stage  is  noticeably  less  than  the 
Influence  of  suction.  It  should  be  noted  that  in  all  the  LMZ  experiments  considered 
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here  the  root  reaction  was  positive. 

Figure  126b  illustrates-  the  influence  of  steam  suction  on  the  economy  of  a 
KA-2-2A  stage:  l±  =  48  mm,  d /l2  =  7.7,  F2/F1  =  1.44,  and  e  =  0.7.  At  x  g>  =  0,43 
to  0.47,  when  the  root  reaction  is  positive,  each  percent  of  suction  corresponds  to 
a  percent  of  lowering  of  efficiency.  At  smaller  x^,  with  the  appearance  of  a 
negative  reaction  at  the  root,  the  relative  influence  of  suction  increases. 


Fig,  126.  The  economy  of  turbine  stages  depending  upon:  a)  leakages  in  the 
root  clearance  of  a  typical  LMZ  stage  efficiency  at  AG/G  =  0,  u/c<j,  = 

=  0.54,  dK  =  400  mm  (LMZ  experiments);  b)  velocity  ratio  and  reaction  .with 
suction  in  the  root  clearance  of  a  K&-2-2A  stage  (ij.  =  48  mm,  d/Z2  =  J.J, 

e  =  0.7)  according  to  MEI  experiments;  c)  suction  and  root  reaction  of  stages 
of  MEI  scries:  0-0-0  Kfl-2-2A ;  =  1.44;  pK  =0;.-*-*  -  K^-2-3A  ; 

F^/Fi  =  1.55;  PK  =  -0.13;  A  -  A  -  A  K4-1-2A ;  F2/F1  =  1.73,  PK  =  -0.20; 

0-0-0  HU-  1-3A.  Fg/*i  =  1.88,  pK  =-0.23. 

The  influence  of  suction  through  the  root  clearance,  according  to  MEI  experiments 
for  four  stages  that  differ  by  their  ratio  of  areas,  and  consequently,  also  by  the 
root  reaction  pK  ,  is  shown  in  Fig.  126c.  For  a  K£-2~2A  stage  with  Fg/F^  =  1.44 
and  pK  =0  at  l ^  =  48  mm,  d  =  400  mm,  and  given  conditions  (x^  =  0.45,  e  =  0.7), 
the  obtained  dependence  of  efficiency  on  suction  is  approximately  linear,  whereby 
l'i'  of  suction  also  lowers  the  efficiency  by  1$.  In  stages  with  a  large  negative 
root  reaction,  with  1 %  suction  the  efficiency  is  lowered  by  2-2.5?!.  TsKTI  experiments 
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[47]  also  confirm  the  large  influence  of  suction  with  a  negative  reaction.  The 
averaged  values  of  the  quantities  for  calculating  the  losses  due  to  suction  in  the 
root  clearance  are  given  in  Fig.  71. 

The  investigation  of  the  influence  of  leakage  through  the  peripheral  clearance 
is  more  complicated,  since  the  change  in  the  amount  by  this  leakage,  due  to  the 


Fig.  127.  Change  of  the  efficiency  of 
a-  stage  (d  =  567  mm,  =  55  mm) 

depending  upon  the  leakage  over  the 
rotor  blades  and  the  ratio  u/c-^ 

(HITM  experiments )  a)  stage  without 
radial  sealing;  b)  curve;  i  —  with¬ 
out  radial  seals;  2  -  with  radial 
seals;  c)  curve;  1  -  with  radial  seals; 
2  —  without  radial  seals,. 


the  leakage  over  the  blade  shroud  and  the 


change  of  the  flow  rate  coefficient  in 

this  clearance,  does  not  remain  proportional 

to  the  area  of  the  clearance.  There'  is 

also  a  change  in  the  total  axial  clearance, 

which  affects  economy.  An  example  of  the 

dependence  of  the  economy  of  a  stage  on 

the  size  of  the  peripheral  open  clearance, 

according  to  BITM  experiments,  is  the 

graph  in  Fig.  127a.  It  is  important  to 

note  that  an  increase  of  the  open 

peripheral  clearance  above  the  blades  not 

only  lowers  the  effectiveness  of  the  stage, 

but  also  noticeably  lowers  the  optimum 

ratio  u/c^.  Thus,  for  the  investigated 

stage  (l^  =  55  mm,  d  =  567  mm)  with  an 

increase  of  6  (no  radial  seal  for 

sn  v 

blade  shroud) -from  1  to  4.5  mm,  the 

maximum  efficiency  is  lowered  from  O.78  to 

O.685,  and  x*  decreases  from  0.48 
4onT 

to  0.44.  For  the  same  stage,  the 
installation  of  a  radial  seal  (Fig.  12?b) 
essentially  increased  the  efficiency  of 
the  stage,  especially  with  large  60n. 

With  this,  x^onT  also  increased.  The 
higher  x  ^  is,  the  greater  the  reaction 
on  the  periphery,  and  the  better  the 
sealing  of  t'-e  stage. 

The  influence  of  the  external  overlap, 
Al n  ,  is  determined  mainly  by  two  factors: 
change  of  the  conditions  of  entrance  to 


the  moving  cascade.  It  is  obvious  that  the  .leakage  will  depend  on  the  relative 


clearances  In  the  stage  and  the  sealing  of  the  radial  clearance.  In  general,  an 
increase  of  Aln  leads  to  a  decrease  of  the  flow  rate  coefficient  through -the 
peripheral  open  axial  clearance.  However,  with  good  stage  sealing,  this  factor 
is  insignificant.  In:  a  limiting  case,  when  this  leakage  is  negligible,  it  is 
inexpedient  tr  increase  the  value  of  Al  n .  On  the  other  hand,  an  increase  of  the 
external  ove:I<p  leads  to  an  increase  of  the  nonuniformity  of  flow  at  the  entrance 
to  the  noving  cascade.  Here,  a  large  influence  is  rendered,  by  the  size  of  the 
closed  axial  clearance.  The  smaller  the  size  of  this  clearance,  the  less  should 
the  value  of  Aln  be. 

The  influence  of  overlap  was  theoretically  investigated  for  the  first  time  by 
-V>.  y.  Zvyagintsev.  The  influence  of  Al n  on  stage  efficiency  was  recently  investi¬ 
gated  experimentally  and  theoretically  at  the  BITM,  MEI,  TsKTI,  NZL,  TMZ,  and  KhPl. 

As  a  result  of  the  experiments  of  A.  G.  Sheykman,  which  were  conducted  in  an 
experimental  air  turbine  with  an  actual  stage  from  a  TMZ  BP-6-3  turbine  with 
l2  =  4l.l  mm  and  d /l^  =  15,,  a  graph  was  constructed  which  characterizes  the  influence 
of  Aln  and 


A  -*■ 
Vkj  — 


This  graph  is  shown  in  Fig.  128.  It  should  be  borne  in  mind  that  the  TMZ  experiments 

Were  conducted  with  a  constant  total  axial  clearance,  which 
was  relatively  small.  An  increase  of  this  clearance 
increases  the  magnitude  of  the  optimum  overlap.  In  [59] 
is  proposed  a  formula  for  selecting 


the  most  advantageous  value  of  Aln  , 
which  is  obtained  on  the  basis  of  TMZ 
and  BITM  experiments. 


4  4  (Al)n  0  OJM  HOI  (il)n 

a)  b) 

Fig.  128.  The  influence  of,  overlap  on 
the  efficiency  of  a  stage:  a)  dependence 
of  the  stage  efficiency  on  the  magnitude 
of  upper  overlap  Aln  / l ^  and  equivalent 

clearance  6, 


/A/  \  —  n  7 

l_.c„ 


(158) 
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Dimensions  of  the  stage: 

d2  =  615  nun,  lg  =  41.1  mm,  u/c^  =  0.5; 

M,  -  0.5;  Ho  =  4*10^  (TMZ  experiments); 
x  C1 

b)  dependence  of  equivalent  clearance 
F3kb  on  Al  n  /?i  * 


When  designing  a  turbine,  it  is 
not  recommended  to  select  An  less 
than  1.5  mm,  since  an  inaccuracy  in 
manufacture  can  lead  to  a  negative 
overlap,  which  essentially  lowers  the 


) 


1 


economy  of  the  stage. 

In  distinction  from  the  experiments  when  bhe  overlap  was  changed  by  means  of 
changing  the  height  of  one  cascade,  interesting  investigations  were  conducted  at 
KhPI  [16] .  In  these  experiments  the  overlap  was  changed  by  simultaneously  turning 
the  blades  in  such  a  way  that  the  ratio  F2/F1,  i.e.,  the  calculated  reaction  of  the 
stage,  remained  constant.  As  compared  to  experiments  at  pig  =  const,  the  optimum 
overlap  was  smaller;  this  is  caused  by  the  influence  of  leakages  through  the 
peripheral  clearance,  which  depend  both  on  Aln  and  F^/F^. 

§  23.  BASIC  CHARACTERISTICS  OF  CERTAIN  SINGLE- WHEEL  STAGES 


Many  turbines  installed  at  electric  power  stations  are  equipped  with  old-type 
profiles  and; stages  which,  at  best,  underwent  purely  empirical  checks  in  experi¬ 
mental  turbines.  The  cascade  profiles  of  these  stages  are  given  in  literature  and, 
according  to  the  investigations  of  many  organizations  (LMZ,  TsKTI,  MEI),  they  have 

.  large  losses,  are  .sensitive  to; 
changes  of  the  angle  of  leakage, 
and  scare  especially  poor  at  low 


heights.  Figure  129  presents -a 

firm's  curves  (q0JI)  for  the 

efficiency  of  old-type  stages, 

depending  upon  the  velocity 

ratio  u/c^  and  the  height  of 

the  nozzle  cascade  l^.  The 

ratios  of  the  dimensions  of  the 

cascades  and  the  clearances 
JL 

*  of  these  stages  are  given  in 

Fig.  129.  Efficiency  t)._  (with  the  use  of  the  .  .  ,  . 

6  0Ji  ,  ,  .  [1171.  These  curves  anticipate 

outlet  velocity  of  the  preceding  stage)  for  old- 

type  stages  (firm's  data).  a  7ery  high  quality  of  stage 

manufacture  and  give  values  of  efficiency  with  the  full  use  of  the  outlet  velocity 
of  the  preceding  stage.  The  experiments  of  a  number  of  organizations,  especially 
for  low  heights,  did  not  confirm  values  of  efficiency  that  are  given  in  Fig.  1?9- 
Actually,  the  efficiency  of  these  stages  was  considerably  lower. 

The  IjOtvln  Factory  In  Leningrad  conducted  a  test  on  a  series  ol  old-type  stages, 
the  results  of  which  are  shown  in  Fig.  130.  The  tests  were  conducted  by  L.  A.  Dorfman 
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Fig.  130..  Efficiency  Hq_  for  old-type 
stages  (according  to  NZL  data) . 


under  the  following  conditions:  Re  number 
from  3*10^  to  8*10^,  ■»  c^/*2  “  °-55  to 

0.5,  blade  height  to  l ^  » "36  to  43.5  ran 
and,  only  in  certain  cases,  to  -  50  am. 
-The  remaining  curves  were  constructed  by 
extrapolation.  The  stages  had  no  radial 
shroud  sealing.  The  experiments  were  con-: 
ducted  in  an  air-driven  experimental 
turbine.  The  bearing  and  disk  friction 
losses  were  determined'  by  means  of  run-out 
curves . 

Stages  of  the  V.  I.  Lenin 
"Meva  Factory  ~ 

A  series  of  stages  with  improved  pro¬ 
files  was  tested  under  the  same  conditions. 


An  efficiency  graph  for  this-  test  is  shown  in  Fig.  131.*  G.  A.  Zal'f  and  V.  V. 


improved  blade  profiles  (according  to  NZL 
data) . 


the  angles  a±  a(r  -  13°25'  and  0g  - 

t  * 

■  22°,  overlaps  AlK  *  1.5  mm  and  Alfi  - 
«  2.5  to  3  mm,  and  an  axial  clearance 
of  1.5  mm. 

Stages  of  the  XXII  Congress  CPSU 
Leningrad  Metallurgical  Riant 

The  LMZ,  and  also  certain  other 
plants,  for  unregulated  high-pressure 
stages,  employ  a  typical  stage  that  was 
developed  and  studied  in  the  LMZ 
laboratory  under  the  supervision  of 
A.  S.  Zil’berman.  The  nozzle  cascade 
of  this  stage  was  designed  and  thoroughly 
investigated  by  I.  M.  Vol'fson  [50]. 

The  dimensions,  configuration,  and 


*Here  and  subsequently  in  the  entire  book,  the  experimental  graphs  for  the  effi¬ 
ciency  of  stages  are  presented.  These  graphs  cannot  be  used  for  a  comparison  of  the 
economy  of  stages  designed  by  different  organizations.  Such  a  comparison  can  be  made 
only  as  a  result  of  tests  of  different  stages  with  identical  or  similar  geometric 
characteristics  and  an  identical  technology  of  manufacture.  It  is  desirable  that 
these  testB  be  conducted  in  the  same  experimental  turbine.  Unfortunately,  there  are 
very  few  of  these  experiments  with  single-wheel  stages. 
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characteristics  of  this  cascade  are  in  the  profile  standards.  The  plant  replaced 
the  old  cascade,  and  only  the  end  losses  then  decreased  by  1.5  times.  The  exit 
angle  of  the  cascade  is  =  11° .  As  the  profile  of  the  moving  cascade  they  have 
adopted  the  TsKTI  profile  T-l. 

The  flow  area  of  a  typical  LMZ  stage  is  shpwn  in  Figs.  119  and  132.  This  stage 
was  investigated  in  detail  by  Z.  A.  Lapteva  and  A.  0.  Lopatitskiy  in  an  experimental 
air  turbine  [62] .  Tests  on  a  typical  stage  were  also  conducted 
in  other  laboratories. 

The  cascades  and  the  stage  itself  were  investigated  at  large 

pressure  ratios  e(Mc^  *  O.V35  to  0.515);  when  the  effect  of 

compressibility  is  insignificant,  and  at  Re  >  5.8*10^,  i.e.,  . 

C1 

the  self-similar  region  of  investigation.  Experiments  were 

conducted  at  =  16.9,  29.4,  and  47.1  mm  (six  relative  heights 

of  nozzle  cascades  within  the  limits  of  0.238  &  \A>±  s  1*63), 

Fig.  132;  Flow  three  relative  heights  of  moving  cascades  with  d/Z?  =  21,  13.3, 

area  of  typical  .  d 

LMZ  stage.  9,  and  Ig/bg  from  0.9  to  2.25,  The  overlaps  in  the  stage 

remained  practically  constant;  Zg  -  l±  =  2.9  to  3.1  mm;  the 

effective  entrance  angles  at  mid-diameter  were  changed  by  means  of  turning  the 

cascade  and  changing  the  pitch  within  the  following  limits : 

0,^  =  8’ 56'  i- 15=58';  I7J45'  19  58'. 

The  ratio  of  areas  is  F2/Fl  =  to  2.19. 

Thus,  there  are  stage  characteristics  with  various  dimensions  which  are 
sufficient  for  application  in  a  wide  range  of  stages,  high-pressure  ones  in 
particular. 

The  graphs  include  the  characteristics  of  the  stage. 

1.  The  efficiency  of  the  stage  t}QJ]  (Fig.  135a),  depending  upon  u/c^  and  l±, 

for  F2/F±  ~  1.7  and  cl±  ^  «  11  to  12°  with  zero’’  leakages. 

Cascade  chords  b^  =  58.9  mm,  Zg  =  22,2  mm,  and  thickness  of  trailing  edge  of 
nozzle  blades  =  0.3  -  O.33  mm. 

2.  The  influence  of  the  angle  of  incidence  of  the  nozzle  cascade,  cty,  on  the 
angle  a±.  the  efficiency  of  the  stage  r^j,  (Fig.  133b),  and  the  reaction  p  (at 
u/c<jf!  =  °*5I<)  (Fig,  133c).  In  these  experiments  the  efficiency  was  calculated 
according  to  the  static  parameters  in  front  of  the  stage. 
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Fig.  135.  Characteristics  of  a  typical  LMZ  stage: 

a)  efficiency  (tjoj] )'Q  .with  zero  leakages.  Curves: 

i  -  =  47.1  mm;  ?  -  l±  =  29.4  mm;  3  -l±  »  16.9  mm; 

XXX  —  nozzle  cascade  from  Fig.  119;  O  O  O  —  nozzle 
cascade  from  Fig.  132;  b)  dependence  of  angle  a. 

I  X 

and  efficiency  tj0J]  on  angle  of  incidence  of  nozzle 

blades  a ;  with  u/c  ^  =  0.54;  c)  dependence  of 

reaction  of  stage  p  on  angle  of  incidence  of  nozzle 
blades  Oy  with  u/c^  =  0.54  (X  -  X  -  X  -  l±  =  16.9 

mm;  A—  A—  A  —  l^  =  29.4  mm;  O  —  O  —  O—  =  47.1 

mm). 

The  characteristics  of  the  stage  do  not  include  graphs  of  the  reaction  as  a 
function  of  and  l ^  and  the  flow  rate  coefficient,  which  makes  the  calculation 

of  the  stage  dimensions  and  the  additional  losses  difficult.  If  necessary,  these 
data  can  be  replaced  by  appropriate  graphs  and  formulas  which  refer  to  other  stages. 

Stages  of  the  Moscow  Power  Engineering  Institute 

The  ME I  stages  were  developed  and  investigated  by  the  development  of  steam  and 
gas  turbines;*  they  are  employed  by  the  majority  of  plants  as  regulating  stages;  many 
plants  and  organizations  use  them  as  unregulated  stages  for  various  turbines. 

*The  investigations  of  stages  were  conducted  engineer  V.  I.  Abramov,  F.  V. 
Kazintsev,  L.  Ye.  Kiselev,  and  G.  A.  Filippov. 
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For  single-wheel  stages  that  operate  with  subcritical  and  transonic  velocities. 
MEI  recommends  the  use  of  xhe  following  cascades  (and  their  modifications): 

nozzle  cascades  TO-OA ,  TC-1A ,  and  TC-2A; 

moving  cascades  TP-1A,  TP-2A,  and  TP-3A . 

From  the  enumerated  cascades  it  is  possible  to  make  up  several  combinations. 
These  combinations  were  tested  in  an  experimental  turbine  cna  can  be  recommended 
depending  upon  the  specific  operating  conditions  of  the  designed  stage.  The 
cylindrical  blading  (with  profiles  of  constant  height)  of  MEI  stage  can  be  quite 
effectively  applied  even  at  relatively  low  values  of  d \/l,  to  d/l  =  10-8,  and  in 
some  cases  to  d/l  =  6-4. 

Three  shapes  are  proposed  for  the  flow  area  of  the  stage;  they  are  shown  in 
Fig.  134. 

1.  Cylindrical  flow  area:  the  clearances  and  overlaps  conform  to  Fig.  134a, 
and  the  recommendations  in  Chapters  II  and  IV. 


Fig.  134.  Typical  MEI  stages:  a)  cylindrical  flow  area;  b)  flow  area  of  stage  with 
meridional  profiling  for  first  stage  of  section;  c)  flow  area  of  intermediate  stage 
with  meridional  profiling. 


2.  Conical  flow  area.  In  this  type  of  flow  area  it  may  be  necessary  to  employ 
blading  with  constant  profiles  in  the  low-pressure  stages  of  turbines  with  low 
steam  rates  (low-power  condensing  turbines,  the  low-pressure  parts  of  selected 
machines)  and  to  reconstruct  the  old  turbines, 

3.  If  the  cascade  heights  are  low,  the  technology  of  manufacture  permitting: 

a)  the  first  stage  of  a  section  (regulating  stage,  first  unregulated  stage, 
first  stage  after  intermediate  steam  reheating,  and  others)  should  have  meridional 
profiling  of  the  nozzle  cascade,  as  in  Fig.  134b; 

b)  the  intermediate  stage  should  have  meridional  profiling,  in  accordance  with 

134c. 


For  short  blades,  somewhat  modified  profiles  for  the  moving  cascades  also  are 


recommended;  these  are  the  so-called  type  "H"  cascades,  which  have  smaller  etui 
losses. 

For  single-wheel  stages  with  full  steam  input,  the  following  combinations  of 
MEI  cascades,  shown  in  Table  8,  are  recommended. 


Table  8.  MEI  Single-Wheel  Stages 


tt.MM 

it 

Xotila 

04104^9 

Moving 

caaeada 

,  Staga  daa- 

ignation 

Ratio  of 

araaa 

W— JO 

>20  ' 

TCI  Am 

TP-JAk 

KJI-1-2A** 

1,6—1.65 

TCJAm 

TP*2Ak 

KA-J-2Amk 

1.4-1.5 

TCIAm 

TP-2A* 

K  1-1-2Amc 

1.55-1.65 

TC1A 

TP-JAtc 

KA-1-2A* 

1.45—1.65 

TC1A 

TP-2A 

KJH-2A 

1.45—1.65; 

TCSA 

TP-2A 

KJ1-2-2Aimc 

1.4 — 1.5 

TCJAm 

TP-2A* 

Kfl-2-2A 

1.5-1. 6 

iTCJA- 

TP-3A 

KiX-2-3A 

1.6 — 1.7 

30-50 

>10 

TCIA 

TP-2A 

KA-I-2A 

1,62-1.75 

TCJA 

TP-2A 

KH-2-2A 

;  1.45—1.55 

TC2A 

TP-3A 

KH-2-3A 

1.55-1.65 

50-100 

>8 

TCJA 

TP-2A 

KH-2-2A 

1.4—1.55 

(8) 

TCJA 

TP-3A 

KA-2-3A 

.  1,5-1 .6 

The  cascades  and  their  angles  of  incidence  are  selected  according  to  the 
recommendations  in  §  10. 

The  MEI  stages  presented  in  Table  8  were  investigated  in  MEI  experimental 
steam  turbines,  and  also  during  operation  in  air  [23,  29,  35,  and  103]  with  heights 
of  10,  15,  25,  and  48  mm,  and  d/l  *  8.  The  MEI  stages  underwent  an  experimental 
check  in  KTZ  experimental  steam  turbines,  including  a  multistage  experimental 
turbine.  Furthermore,  the  MEI  cascades,  and  also  their  proposals  for  increasing 
the  economy  of  stages  with  short  blades,  were  investigated  In  experimental  turbines 
at  LKZ,  IMZ,  and  NZL.  All  investigations  of  MEI  stages  were  conducted  with  the 
plant’s  technology  of  manufacture,  sometimes  even  with  the  quality  of  manufacture 
being  worst  than  for  the  permanent  machines.  Tests  of  MEI  stages  were  conducted 
in  a  wide  range  of  M  numbers,  and  sometimes  with  M  numbers  >  1;  In  certain  cases 
also  with  different  Re  numbers  (with  a  separate  change  of  M  and  Re).  Many  cascades 
of  MEI  stages  underwent  an  experimental  check  in  static  rigs  in  annular  packs,  and 
sometimes  in  actual  diaphragms  also. 

With  the  exception  of  the  tests  conducted  in  the  LKZ  turbine,  all  MEI  stages 
had  welded  diaphragms. 

Characteristics  of  MEI  stages.  Generalized  characteristics  should  be  used  for 
calculating  the  economy  of  MEI  stages  and  for  determinating  their  parameters,  and  also 
for  finding  the  influence  of  various  performance  and  geometric  parameters  (see  §  47). 
Furthermore,  a  basic  characteristic  is  given  below  for  these  stages,  l.e.,  efficiency 
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curves  i)Q1  (Without  the  use  of  the  outlet  velocity)  for  KK-2-2A  stages,  Spending 
upon  height  and  the  velocity  ratio  u/c^.  The  curves  are;  constructed  according 
to  the  results  of  experiments  in  an  experimental  steam  turbine  with  the  following; 
dimensions:  cascade  chords  b^  *  51.5  am  and  bg  *  25.0  an;  mid-diameter  of  stage 
400  no;  overlaps  A!K  +  Al  n  -  2.5  to  3i5  ratio  of  areas  Fg/F.^  »  1.6  to  1.7; 
angles  =  15°,  #2  ^  »  20  to  21°;  stage  sealing:  no  leakage'  in  root  clearance, 

open. axial  clearance  on  periphery  of  stage  6a  «  i  mm,  and  two  radial  clearances, 

5p  =  1  mm,  above  the  shroud. 

The  efficiency  curves  are  constructed  for'KJ-2-2A  stages  at  e  ■  0.8  to  O.85 

and,  Re^  *  (3.5  to  4)#10^  (Fig.  135).  Here  the  dotted  lines  indicate  the  curves 

for  a  stage  with  meridional  profiling. 

For  a  determination  of  the  stage  dimensions, 

it  is  possible  to  use  curves  for  the  flow  rate 

coefficient  of  the  nozzle  cascade,  which  are 

obtained  from  stage  tests  (Fig.  ill). 

Stages  of  the  Polzumov  Central  Scientific 
Institute  for  Rollers  and  Turbines" 

In  the  laboratory  of  turbine  aerodynamics 
of  TsKTI,  A.  M.  Zavadovskiy  developed  and  investi¬ 
gated  an  impluse  stage.  The  stage  was  made  up 
of  a  nozzle  cascade  TH-2  and  a  moving  cascade  T-2. 
The  cascades  and  their  characteristics  are  given 
in  the  .profile  standards.  The  basic  dimensions 
of  the  stage  are  l ^  =  30  mm,  lg  *  34.5  mm,  d/l  = 

85  29,  ^1/^1  =  ®»59 >  ^^/b2  =  xp  =  0.22  mm. 

The  flow  area  of  the  stage  is  shown  in  Fig.  136. 

This  stage  was  Investigated  in  an  experimental 
air  turbine  without  special  sealing  above  the  shrouding  (open  axial  clearance  on 

periphery,  6  =  1.6  nan),  without  taking  into  account  the  influence  of  com- 

t*  n 

possibility  of  flow,  and  it  is  intended  for  M„  <  0.5.  The  results  of  the  investi- 

C1 

gations  are  given  in  the  form  of  curves  of  relative  blade  efficiency  at  various 
angles  of  incidence  of  nozzles  cty  and  relative  pitch  T.  Graphs  are  given  for 
determined  values  of  u/c^,  Reconstruction  of  these  graphs  for  the  best  conditions 
gives  the  curve  that  is  represented  in  Fig.  137  (Oy  =  42°,  ^  *  O.76),  The  reaction 
of  the  stage  at  u/c^  =0.5  amounts  to  p  =  0.10.  Under  optimum  conditions  sin 
°1  3(J>  =  The  given  stage,  just  as  the  other  stages  investigated  in  experimental 


Fig.  135.  The  efficiency  of 
MEI  stages  KJI-2-2A  and  Hfl-2- 
2Am,  depending  on  the  velocity 
ratio  arid  cascade  height  (MEI 

experiments):  -  solid  lines 

—  Kfl-2-2A  stage;  - 

dotted  lines  —  K£-2-2Au  stage 
with  meridional  bend  according 
to  Fig.  134b. 
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air  turbines,  usually  are  manufactured  more  carefully  in  the  laboratory  than  plant 
stages  and,  in  particular,  than  the  stages  investigated  in  the  experimental  steam 
turbines  of  KTZ,  MEI,  LMZ,  and  NZL,  The  flow  rate  characteristic  of  the  stage,  i.e., 
the  ratio  of  the  axial  component  of  the  outlet  velocity  to  the  peripheral  velocity, 
c2  a/ucp'  depending  upon  u/c^,  was  constructed  by  us  in  Fig.  137.  (The  difficul¬ 
ties  involved  in  the  practical  use  of  this  characteristic  for  calculating  the  area 
of  a  stage  are  discussed  on  page  132  ). 


Fig.  136.  Flow  area  of 
TsKTI  impulse  stage. 


Fig.  137.  Characteristic 
curve  of  a  TsKTI  stage 
with  various  heights. 

=  30  mm  and  =  46  mm 

(according  to  experiments 
of  A.  M.  Zavadovskiy). 


N.  M.  Markov  presented  data  from  TsKTI 
tests  performed,  on  a  stage  with  the  same 
cascades,  TH-2  and  T-2,  with  d  =  580  mm,  l ^  = 

=  46  mm,  l^/b  =  O.75,  l 2  -  50  mm,  6ft  =  1.6  mm, 
and  1^  =  7.6-105  [70] . 

Another  series  of  TsKTI  stages  has  an  C-l  nozzle  cascade  developed  by  the 
Krylov  TsNII  and  two  versions  of  TsKTI  moving  cascades,  T-l  and  T-2 .  The 
characteristics  of  the  cascades  and  their  profiles  are  given  in  the  profile  standards. 
A  stage  was  tested  in  an  experimental  air  turbine  developed  at  TsKTI  by  N.  M.  Markov. 
The  flow  area  of  this  stage  is  shown  in  Fig.  138.  The  geometric  characteristics 

of  the  experimental  stage:  =  20  mm,  l^/b^  =  O.37, 

\  -  O.76,  ay  =  390,  ^  =  12°55',  l2  =  23  mm,  l2/b? -  = 

=  23  mm,  l2/bg  ~  tg  =  0.675,  and  d/lg  =  26.1.  The 

experiments  were  conducted  at  M^  =  0.65  to  O.75,  and 
Re  =  7.4  to  8.0*10  .  Four  versions  of  the  stage  were 
investigated : 


Fig.  138.  Flow  area  of 
TsKTI  stage  with  radial 
sealing. 


1  -  cascade  T-l,  angle  P  =  77°30  ;  2  —  cascade  T-ll, 
P  =  77°33';  3  -  cascade  T-l,  angle  P  =  80°30';  4  - 

J  J 


o 


cascade  T-ll,  Py  =  78°45'  (for  curves  1,  2,  3,  and  4,  see  the  graphs  in  Fig.  139). 
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The  usual  characteristics 
are  given  for  this  series  of 
stages:  relative,  blade  effi¬ 


ciency  t)qji  =  T{u/c  $  )  in 
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Pig.  139.  Characteristic  curves  of  a  series  of 
stages  (see  Fig.  138):  a)  efficiency;  b)  mean 
reaction;  c)  flow- rate  coefficient. 


Pig.  ±39a,  reaction  p  =  f  (u/c  $  ) 
in  Fig.  139b,  and  flow  rate 
coefficient  of  stage  uCT  = 

=  f (u/c  ^  )  in  Fig.  139c. 

By  comparing  the  results 
of  the  experiments,  with  the 
various  combinations  in  Fig. 

139,  we  see  that  the  optimum 
%  -6.5  to  0.54.  The 

highest  efficiency  is  given  by 
stages  1  and  2.  However,  these 
stages  (especially  stage  1) 


have  a  very  large  reaction  which,  with  an  increase  of  the  sealing  clearances,  will 
lead  to  considerable  losses  due  to  steam  leakages.  Stage  4,  conversely,  when 

<0.5,  will  have  a  negative  root  reaction  which,  as  we  know  (see  §  22),  has 
an  unfavorable  effect  on  economy,  and  will  cause  additional  losses  in  an  actual 
stage.  From  these  positions,  the  best  one  seems  to  be  the  stage  of  curve  3;  however, 
in  the  investigated  conditions,  it  has  an  efficiency  that  is  O.556  lower. 

The  flow  rate  coefficient  of  a  stage  was  defined  as  the  ratio  of  the  actual 
flow  rate  to  the  flow  rate  calculated  according  to  the  area  of  the  nozzle  cascade 
and  the  entire  drop  of  the  stage.  The  coefficient  pCT  depends  mainly  on  the 
reaction  of  stage  and  at  p  =  0  it  should  coincide  with  the  flow  rate  coefficient 
of  the  nozzle  cascade,  p.^,  (especially  at  very  low  M  numbers)..  In  these  experiments 
they  obtained  p.^  *  O.89,  which  is  extremely  small  and  dees  not  correspond  to  the 
experiments  conducted  by  other  organizations  (MEI,  NZL,  and  LMZ),  and  also  the 
results  of  static  investigations. 


§  24.  STAGES  CALCULATED  FOR  LOW  VELOCITY  RATIOS  u/c^ 

An  important  practical  problem  is  the  transfer  of  groups  of  stages  of  certain 
machines  to  operation  with  low  velocity  ratios,  x^  *  u/c^.  It  is  well  known 
that  in  this  way,  by  retaining  the  power  and  the  speed,  it  is  possible  to  considerably 
lower  the  weight  and  dimensions  of  a  turbine,  since  the  number  of  steps  in  the  flow 


area  and  their  dimensions  are  then  decreased. 

With  the  help  of  a  formula  that  determines  the  available  heat  drop  In  a  turbine. 


(1  +»)**,*  =  (1  +  v) 


& 

h<; 


(159) 


where  v  is  the  reheat  factor;  it  is  easy  to  establish  that,  with  the  preservation 
of  the  peripheral  velocities,  the  number  of  stages  in  the  flow  area  varies  in 


inverse  proportion  to 


,  i.e . , 


m- 


It  follows  from  this,  for  instance,  that- with  a  transition  from  x^  =  0.5  to 
x$  =  °-3j<-0.35,  the  number  of  stages  decreases  by  2  times. 

By  keeping  the  peripheral  velocity  constant,  the  diameters  of  stages  also  do 
not  change.  This  means  that  front  and  rear  parts  of  a  machine  in  two  comparable 
cases  have  Identical  dimensions  and  weight  characteristics ;  A  decrease  of  the 
dimensions  and  weight  of  a  machine  occurs  only  after  reducing  the  number  of  stages. 

Let  us  consider  another  extreme  case,  assuming  that  the  number  of  stages,  upon 
transition  to  small  u/c^,  remains  constant.  Then  from  formula  (159)  we  obtain: 


0l 

•l 


x4t  4i 
or  *j-r3 


i.e.,  the  diameters  of  the  stages  decrease  in  proportion  to  the  x^  ratio.  In 
accordance  with  this,  the  diameters  arid  the  thickness  of  the  diaphragms  and  the 
machine  casing  decrease,  and  the  dimensions  and  weight  of  the  inlet  and  outlet  parts 
of  the  machine  are  reduced. 

An  intermediate  solution  of  the  problem  is  also  possible,  when  the  peripheral 
velocities  and  the  number  of  stages  of  the  flow  area  are  changed.  From  formula 
(159)  there  can  be  obtained  a  simple  relationship: 


/m*  *♦» ./  ** 


Comparison  of  the  considered  variants  Is  performed  on  the  basis  of  formulas 
that  express  the  stress  in  the  diaphragms,  disks,  blades,  and  turbine  casing.  If 
wo  assume  that  the  stresses  in  the  indicated  elements  remain  constant,  then  the 
corresponding  formulas  make  it  possible  to  establish  a  decrease  in  the  weight  and 
dimensions  of  the  turbine  upon  transition  to  lowered  u/c^  ratios. 

Calculations  show  that  the  transition  to  smaller  diameters,  while  retaining 
the  former  stresses  in  the  components,  lowers  the  weight  of  the  diaphragms  in 
proportion  to  while  the  weight  of  the  casing  and  the  weight  of  the  disks  is 
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It  is  obvious  that  a  transition  to  small  x^  is  expedient  only  in  the  case  when 
the  economy  of  installation  is  kept  practically  on  the  level  which  corresponds  to 
optimum  values  of  x^<  In  solving  the  aerodynamic  -part  of  the  problem*  it  is 
necessary  to  consider  ways  of  increasing  the  effectiveness  of  the  regulating,  inter¬ 
mediate,  ana  last  stages  upon  transition  to  small  Xj  ratios. 

We  shall  first  mention  the  methods  of  pro¬ 
filing  intermediate  stages.  The  transition  to 
small  x  leads  to  a  decrease  of  the  entrance  angle 
of  flow  <Xq  into  the  nozzle  cascades  of  intermediate 
stages,  which  causes  an  increase  of  both  profile 
losses,  and  also  end  losses  in  the  nozzle  cascades. 
Corresponding  data  oh  the  influence  cf  aQ  are 
given  in  Chapter  I.  Figure  l40a  represents  the  - 
dependence  of  profile  losses  in  a  TC-1A  cascade 
on  the  entrance  angie  aQ.  With  a  change  of  angle 
aQ  from  90  to  45°,  the  profile  losses  increase 
from  2  to  5.5$. 

Fig.  140.  Characteristics  of  The  end  losses  vary  depending  upon  the 

nozzle  cascades:  a)  profile 

losses  in  nozzle  cascades  for  entrance  angle  to  a  larger  degree  and  especially 
optimum  (TC-1A)  and  lowered 

(TC-lA-1;  x*  ratios;  b)  at  low  relative  heights.  With  the  decrease  of  aQ 

total  losses  in  nozzle  cas¬ 
cades:  — —  solid  line  TC-1A;  for  usual  profiles,  not  only  a  growth  of  total 
-  dotted  line  TC-1A-1. 

1)  TC-1A;  2)  TC-1A-1.  losses  is  noted,  but  also  an  increase  of  the  angle 

of  inclination  of  the  straight  lines  in  the 
coordinates  £  and  b/l  (see  Fig.  140b). 

It  should  be  emphasized  that  with  the  transfer  to  smaller  stages  diameters,  the 
blade  heights  increase;  therefore,  the  actual  growth  of  the  end  losses,  and 
consequently,  also  the  total  losses  for  small  x,  will  be  less  considerable. 

At  the  same  time,  the  given  experimental  data  distinctly  show  the  necessity  for 
special  profiling  of  nozzle  cascades  for  special  profiling  of  nozzle  cascades  for 
small  entrance  angles  of  flow. 

The  MEI  laboratory  developed  a  group  of  nozzle  cascade  profiles  for  small 
angles  aQ.  The  corresponding  results  of  tests  are  shown  in  Fig.  140,  where  the 
profile  and  total  losses  are  given  depending  upon  the  entrance  angle  of  flow  aQ 
and  for  a  cascade  of  TC-1A-1  profiles. 

The  advantages  of  new  profiles  arc  especially  noticeable  for  low  relative 
heights  (b/l  >  1.0). 
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Experimental  turbine  investigations  of 
cascades  with  profiles  of  this  type  showed  that 
they  had  considerable  advantages  for  operation  in 
a  group  of  stages  with  snail  x^.  Figure  l4l 
illustrates  the  efficiency  curves  for  a  group  of 
three  stages;,  the  curves  were  obtained  in  the 
laboratory  of  the  Kaluga  Turbine  Plant. 

From  a  consideration  of  the  graph,  it  is 
distinctly  clear  that  the  application  of  new 
nozzle  cascades  made  it  possible  to  raise  the 
efficiency  by  3  to  1%  in  a  range  of  x^  =  0.3  to 
0.4.  The  curves  in  Fig.  l4l  also  show  that  for 
small  x^,  the  effectiveness  of  a  group  of  stage 
with  the  usual  nozzle  cascades  is  lowered  more 
intensely  than  that  of  one  stage,  and  when 
$  O.37  the  efficiency  of  a  single  stage  is  higher. 

This  indicates  that  nozzle  cascades  with  the  usual  leading  edge  of  the  profile, 
with  a  geometric  angle  of  ~90°,  operate  at  low  heights  with  a  sharp  growth  in 
losses  when  aQ  <  90°.  Consequently,  in  this  case  the  use  of  the  kinetic  energy  of 
the  preceding  stage  noticeably  decreases. 

For  stages  that  operate  at  small  x^  it  is  necessary  also  to  apply  special 
profiles  for  the  moving  cascades,  considering  that  in  the  conditions  of 
<  x$onT  a  usual  stage  works  with  a  negative  reaction  and  angle  <  Pg. 
Consequently,  in  these  conditions  it  is  necessary  to  lower  the  losses  in  the  moving 
cascade  as  much  as  possible;  this  is  attained  by  decreasing  the  ratio  **y 

applying  special  profiles  and,  to  a  lesser  degree,  by  meridional  profiling  of  the 
moving  cascades. 


Fig.  141.  Relative  internal 
efficiency;  of  stages,  depend¬ 
ing'  upon  ^3x£,  with  d  = 

=  860  mm,  lCp  =  23  ran) . 

Curves;  1  —  one  average 
stage;  2  —  group  of  three 
stages  with  TC-1A  nozzle 
cascades;  3  —  group  of  three 
stages  with  TC-1A-1  nozzle 
cascades  (experiments  of 
Kaluga  Turbine  Plant); 


In  the  first  case  it  is  necessary  to  construct  a  cascade  with  diffuser  channels 
or  channels  of  constant  cross  section,  depending  upon  the  selected  relationship  of 
angles  P^  and  Pg.  It  should  be  noted  here  that  for  small  x ^  it  is  expedient  to 
use  increased  angles  and  Pg,  If  this  does  not  lead  to  a  sharp  decrease  in 
height,  and  correspondingly,  to  a  lowering  of  efficiency,  greater  than  the  gain 
obtained  as  a  result  of  the  transition  to  more  rational  velocity  triangles. 

Let  us  note  that  the  application  of  expansion  for  moving  cascades  (tapered 
shrouds),  which  is  shown  in  Fig.  142a,  leads  to  a  considerable  growth  in  losses. 
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Fig.  142.  The  influence  of  the  taper  of  shrouds  on 
losses  in  a  moving  cascade:  a)  influence  of  the 
taper  of  shrouds  on  the  distribution  of  losses 
along  the  height  of  a  TP-1Ak  cascade : 

vn  =  21.8°; - vn  =  11. 3°;  - —  vn  «  0;  b):  total 

losses  in  cascades  with  various  fluid  deflections: 

- -  for  TP-OAk; - TP-1Ak  at  M2  =  0.6  to  0.7 ; 

Re2  =  3.1*10^. 


With  the  increase  of  the  fluid 
deflection  in  the  cascade; 
the  influence  of  the  taper  of 
the  shrouds  weakens  (Fig*. 

142b). 

An  essential  increase  in 
the  effectiveness  of  regulating 
stages  and  last  stages  at 
small  x^,  may  be  attained 
by  installing  diffusers-.. 
Diffusers  behind  a  stage  can  be 
of  two  types:  the  vaned  type, 
in  the  form  of  compressor  cas-. 
cades,  and  the  vaneless  type. 


A  diagram  of  the  flow  area  of  a  single-wheel  regulating  KR-1-2JA,  stage  with  a 
vaned  diffuser  is  shown  in  Fig.  143a. 
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Fig.  143.  Characteristics 
of  a  single-wheel  regulating 
stage  with  a  diffuser: 
a)  flow  area  of  K^-l-2,11 
regulating  stage;  b)  depen¬ 
dence  of  relative  internal 
efficiency  of  single-wheel 
stage  with  diffuser  for 
various  admission.  Curves: 
1'—  without  diffuser  at 
full  input  (e  =  1);  2  — 
with  vaned  diffuser  (a^  = 

=  5°°)j  3  —  with  vaned 


5  ^Brmz 


diffuser 


=  40  );  4  - 


for  vaneless  diffuser  (e  = 

=  1);  l1  —  vaneless  diffuser 
(e  =  0,5);  2*  —  with  vaned 


diffuser;  a0 
2P 


=  50  ;  3’ 
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with  vaned  diffuser  (a0  = 

o  P 

=  40°);  4*  —  without  diffuser 
(d  =  400  mm;  l ^  =  ?5  mm, 

e  =  0.8  -  0.75;  Py'Pg  = 

=  1.49,  Re„  =  5.4-105) 

C1 

(MEI  experiments),  - 

dotted  curve  without  taking 
into  account  the  losses  with 
the  outlet  velocity. 


An  important  geometric  parameter  of  the  vaned  diffuser  is  the  ratio  of  the 
outlet  and  inlet  flow  areas  (Fj/F0).  The  inlet  area  is  determined  by  the  exit  angle 
of  flow  from  the  moving  cascade  during  absoulte  motion,  a^;  the  geometric  entrance 
angie  of  the  profile,  ap^,  should  be  close  to  ag.  The  height  of  the  diffuser  ax, 

the  entrance  should  exceed  the  exit  height  of  the  moving  cascade  of  the  stage  by  2 

to  3  mm;  the  entrance  to  the  diffuser  should  be  rounded  in  this  case.  By  turning 
the  profiles  in  the  diffuser,  it  is  possible  to  adapt  the  diffuser  to  other  angles 
a2>  The  necessary  area  of  the  outlet  section  may  be  ensured  not  only  by  expanding 

the  vane  channels,  but  also  by  increasing  the  height  of  the  diffuse"?. 

The  vaneless  diffuser  is  formed  by  two  tapered  shrouds  which  increase  the 
cross-sectional  areas  by  increasing  the  diameter  and  height  of  the  channel. 

The  results  of  an  investigation  of  the  influence  of  diffusers  (vaned  and 
vaneless)  on  the  effectiveness  of  a  single-wheel  with  full  and  partial  input  are 
shown  in  Fig.  143b). 

As  -.ean  be  seen  from  the  curves,  diffusers  give  a  noticeable  increase  in 
efficiency  in  a  wide  range  of  conditions  both  with  full,  and  also  with  partial  input. 
The  vaneless  diffuser  leads  to  an  increase  in  efficiency .under  all  conditions 
and  especially  at  optimum  x^  and  values  close  to  it.  In  the  zone  of  small  x^, 
the  increase  in  the  efficiency  of  a  stage  with  a*  vaneless  diffuser  is  insignificant. 
Consequently,  the  vaneless  diffuser  does  not  make  it  possible  to  noticeably  lower 

while  preserving  the  effectiveness  of  the  stage  and  its  use  is  recommended  in 
those  cases  when  the  designed  partial  stage  must  operate  in  a  wide  range  of  conditions. 

Vaned  diffusers,  which  are  made  up  of  compressor  vanes,  lead  to  an  essential 
increase  in  efficiency  at  small  x^  for  full  partial  input.  In  conditions  of  x^  s 
s  0.4,  the  efficiency  of  a  stage  vdth  a  vaned  diffuser  sharply  drops;  under  these 
conditions  the  compressor  cascade  is  streamlined  with  negative  angles  of  attack, 
which  leads  to  separation  of  flow.  In  this  casp  the  diffuser  is  an  additional  large 
resistance. 

iiy  changing  the  angle  of  incidence  of  the  vanes,  the  maximum  efficiency  can 
be  displaced  with  respect  to  x^  (see  Fig.  143b)  in  one  direction  or  another.  The 
same  result  can  be  obtained  by  the  appropriate  profiling  of  the  diffuser  vanes. 

Figure  143b  illustrates  curves  for  efficiency  without  taking  into  account  the 
losses  with  the  outlet  velocity  (dotted  line).  A  comparison  of  it  with  the  curves 
of  efficiency  for  a  vaned  diffuser  (a^  =  50°)  shows  that  with  this  diffuser, 
at  the  points  of  maximum  efficiency  (curve  2;  x^  =  0.4),  more  than  50#  of  the 
losses  with  the  outlet  velocity  is  restored  in  the  diffuser.  By  changing  the 
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entrance  angle  of  the  profile,  a ^  ,  and  increasing  the  divergence  of  the  channels, 
it  is  possible  to  displace  the  efficiency  curve  to  the  left  without  essentially 
lowering  the  efficiency  at  the  point  of  maximum. 

By  deforming  the  profile  of  the  vaned  diffuser  somewhat,  it  is  not  difficult  to 
obtain  an  efficiency  maximum  at  x ^  =  0.3- to  O.35. 

The  curves  in  Fig.  143b  distinctly  show  that  the  effectiveness  of  a  vaned 
diffuser  is  especially  great  when  the  input  is  partial,  whereby  the  efficiency 
maxima  for  all  versions  are  essentially  close. 

The  relative  increase  of  the  internal  of  a  stage  with  a  diffused  depending 
upon  x^,  is  shown  in  Fig.  144.  When  =  40,  the  biggest  increase  in  efficiency 

is  obtained,  and  with  partial  input 
(e  =  0.5)  when  x^  i  0.3,  it  reaches 
6  to  7#.  For  a 2  =  50°,  the  maximum 

Atj0^  is  reached  at  x^ 


and  partial  inputs,  depending  upon  x^; 

—  solid  curve  for  vaned  diffuser  with 
angle  of  vane  incidence  =  50°; 

—  •  —  •  —  the  same  for  a  =  40: - 

2p 

dotted  line  indicates  vaneless  diffuser. 


s  0.4  arid 
amounts  to  3.8#  (when  x^  =  0.38). 

The  vaneless  diffuser  shows  an  increase 
in  efficiency  of  ~2#  with  full  inputs, 
whereby  At)q^  >  0  in  the  entire  range 
of  the  velocity  ratio. 

Let  us  consider  the  methods  of 
estimating  the  increase  in  the  effi¬ 
ciency  of  a  stage  with  the  use  of 
diffusers.  The  most  simple  method  of 
performing  this  estimate  is  in  case 
when  the  diffuser,  which  is  mounted 


behind  the  stage,  decreases  the  available  heat  drop  in  it. 

In  this  case  the  pressure  behind  the  stage  increases  from  the  value  of  to 
Pj,  and  the  heat  drop  decreases  from  hQ  to  h0.‘(Fig.  I45e). 

The  stagnation  process  in  a  diffuser  is  depleted  in  an  i-s  diagram  in  section 
2-3.  At  the  exit  from  the  diffuser  the  velocity  will  be  and  point  0^  gives  the 
state  of  the  iscntropically  stagnated  flow  behind  the  diffuser.  The  actual 
process  of  stagnation  may  be  assumed  as  isobaric  (section  3-4  on  isobar  p^).  The 
available  kinetic  energy  before  the  diffuser  is  equal  to  c|/2,  where  cg  is  the 
absolute  outlet  velocity  from  the  moving  cascade.  Line  2-4'  depicts  the  process 
of  isobaric  annihilation  of  the  kinetic  energy  behind  a  stage  without  a  diffuser. 


It  is  obvious  that  in  the  considered  case  the  points  0 4,  and  4'  lie  on  one  line, 
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=  const. 


and  the  heat  drop  used  In  the  stage  remains  constant. 


Fig.  145.  I-s  diagram  of  the  thermal1  process  of  a 
stage  with  a  diffuser:  a)  increase  of  pressure 
behind  stage,  caused  by  diffuser;  b)  lowering  of 
pressure  behind  stage. 


The  efficiency  of  a  stage  without  a  diffuser  will  be: 


«!•/ 


and  with  the  installation  of  a  diffuser 


—  it 
V 


_  _  */ 

By  comparing  these  expressions,  we  obtain: 


(w°) 

Here  is  the  work  of  compression  in  the  diffuser  for  an  lsentropic  flow 
(without  losses),  which  is  determined  by  segment  2-5 1  in  Fig.  145a. 

The  quantity  hQ^  is  determined  by  the  following  formula: 


(4— 4)  —  AAtf  =  -y-  — 

Here  Ahfl  arc  the  losses  of  kinetic  energy  in  the  diffuser  (see  Fig.  145a). 

Bet  us  introduce  the  efficiency  of  the  diffuser,  and  determine  this  quantity  as 
the  following  ratio 
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or 
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Ah 

=  1  -  Cfl>  where  C  =  2 — tj  is  the  loss  coefficient  in  the  diffuser.  Consequently: 

c2 


0  ~ *W)  -y~  = 


The  relative  work  of  compression  for  an  isentropic  flow  is  determined: 

I*-- |)-ji(l-v)-ti(v— |). 


(142) 


t 

where  §BC  =  — r  is  the  loss  coefficient  with  the  outlet  velocity  (losses  refer  to 


2h0 


a  new  heat  drop  on  the  stage ) . 

Substituting  hQ^  in  formula  (140),  we  finally  find: 


*Uii  *=  J  i  +  ^*1* — I?).]* 

The  velocity  ratio  here,  by  means  of  a  continuity  equation,  may  oe  replaced 
by  the  cross-sectional  ratio  of  the  diffuser. 

At  a  given  pressure  behind  the  stage,  p2,  and  a  fixed  heat  drop,  hQ,  the 
installation  of  a  diffuser  lowers  the  pressure  behind  the  moving  cascade.  The 
heat  process  that  corresponds  to  this  case  is  shown  in  Fig.  145b.  In  this  case  the 
pressure  behind  the  moving  cascade  without  a  diffuser  is  accepted  as  equal  to  p2 
and  with  the  installation  of  a  diffuser  the  same  pressure  is  established  in  the 
chamber  of  the  stage. 

Without  a  diffuser,  the  process  in  the  stage  proceeds  along  the  line  0-2-5, 
whereby  the  losses  with  the  outlet  velocity  are  measured  by  the  segment  2-5,  which 

1 2  i 

is  equal  to  c  g/ 2  (c2  is  the  absolute  outlet  velocity  from  a  stage  during  operation 
without  a  diffuser).  In  the  presence  of  a  diffuser,  the  expansion  in  the  stage 
corresponds  to  the  line  0-2-2' -3-4.  The  kinetic  energy  at  the  moving  cascade  exit 
will  be  c^/2,  and  c|/2  behind  the  diffuser.  Point  4  determines  the  stage  of  the 
gas  behind  the  stage.  As  a  result,  the  used  heat  drops  will  be  various  (h^  and  hiA>' 
and  the  efficiency  in  the  presence  of  a  diffuser  may  be  expressed  by  the  following 
formula: 


since 


’Itfi 


(144) 


and  %  — 


Ju_ 
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are  determined  by  t«e  following  formulas  (see  Fig. 


The  values  of  and  h^ 

145b): 

**  ti 

In  «  h\ — ~y~  and  h*  —  kM - — . 

After  substituting  h.^  and  hifl  in  formula  (144),  and  making  simple  transforma¬ 
tions,  we  will  obtain: 

0  *!-  hj-  (lJ*5 ) 

Here 


The  relative  isentropic  heat  drop  in  a  diffuser  is  determined  by  a  formula 
(142)  that  is  well-known  to  us. 

We  shall  use  expression  (145)  and,  after  substituting  hQ^  in  it,  we  will  obtain: 

(l46) 

Formula  (146)  changes  into  (143),  if 

Hi  —  itc  =  *|«  —  U* 


How  formulas  (143)  and  (146)  show,  an  increase  in  the  efficiency  of  a  stage 
with  the  installation  of  a  diffuser  very  significantly  depends  on  the  loss  coefficient 
with  the  outlet  velocity  ?BC,  the  efficiency  of  the  diffuser  tj^,  and  the  velocity 
ratio  Cj/c2,  which  may  be  replaced  approximately  by  the  ratio  of  areas  (disregarding 
the  change  of  density  in  the  diffuser): 

Sl^I I 
c,  ft' 

and  in  the  case  of  a  vaned  diffuser 

c»  ^  <*«  It  »lnat 

e%  dt  I ,  sma,  * 

where  the  subscripts  2  and  3  designate  the  corresponding  parameters  at  the  entrance 
to  the  diffuser  and  at  the  exit. 

Tr)  comparing  the  two  considered  methods  for  determining  the  effect  of  a 
diffuser  behind  a  stage,  it  should  be  noted  that  in  the  first  case  the  influence 
of  the  diffuser  is  estimated  for  an  increase  of  x^,  which  is  created  by  the  diffuser, 
and  in  the  second  case,  for  constant  x^. 

It  should  be  emphasized  that  the  physical  influence  of  a  diffuser  remains 
identical  in  both  cases,  and  differs  only  by  the  formulation  of  the  problem  and  the 
calculation  formulas,  correspondingly. 


For  the  calculation  of  a  stage  with  a  diffuser,  it  is  necessary  to  know  the 
magnitude  of  the  power  efficiency  of  the  diffuser,  which  is  determined  by  experi¬ 
mental  means. 

Figure  i46a  gives  the  curves  of  the  change  of  depending  upon  the  entrance 
angle  a2  for  several  types  of  diffusers,  and  Fig.  146b  shows  the  influence  of  the 
basic  geometric  parameters  on 


Fig.  146.  The  influence  of  certain  geometric  and 
performance  parameters  on  the  efficiency  of  dif¬ 
fusers:  a)  entrance  angle  of  flow  ct°;  b)  ratio  of 

areas  Fy'Fg.  Curves:  -  with  vaned  diffuser; 

- vaneless.  Mg  =  0.4  to  0.5;  Reg  =  -4.2*10^. 

As  should  have  been  expected,  the  vaned  diffuser  is  more  sensitive  to  changes 
in  the  entrance  angle  of  flow,  and  the  vaneless  diffuser  is  more  sensitive  to  changes 
in  the  ratio  of  areas.  At  small  entrance  angles,  the  vaned  diffuser  has  an 
indisputable  advantage,  which  gives  us  a  basis  to  recommend  it  for  regulating  stages 
that  operate  at  lowered  values  of  x^.  The  vaneless  diffuser  may  be  used  for  in¬ 
creasing  the  efficiency  of  a  stage  in  the  zone  of  optimum  values  of  x^. 

The  vaned  diffuser  should  also  be  recommeded  for  the  last  stages  in  a  group 
(cylinder),  if  the  flare  of  the  stage  is  not  too  great  (9  z  J  to  10).  For  the 
last  stages  of  condensing  steam  turbines  of  limited  dimensions,  the  question  of  an 
optimum  diffuser  setup  remains  open.  The  transition  in  such  stage  to  lowered 
sometimes  is  expedient;  however,  the  possibility  of  providing  sufficiently  high 
efficiency  at  small  x  ^  should  be  established  experimentally.  A  set  of  problems 
arises  here  in  connection  with  the  selection  of  the  reaction,  the  determination  of 
a  rational  method  of  twisting,  the  establishment  of  the  most  rational  design  for 
the  outlet  duct,  etc. 


CHAPTER  V 
VELOCITY  STAGES 

§  25.  STRUCTURAL  DIAGRAMS  OF  DOUBLE-WHEEL  VELOCITY  STAGES 
Velocity  stages,  which  are  frequently  called  Curtis  stages  (disks),  -are  widely 
used  in  various  types  of  steam  turbines.*  The  possibility  of  sufficiently 
effectively  producing  a  large  heat  drop,  thereby  simplyfying  the  design  and  reducing 
the  construction  costs  of  a  turbine,  on  the  one  hand,  and-  essentially  lowering  the 
steam  temperature  inside  a  turbine,  on  the  other  hand,  led  to  the  fact  that  velocity 
stages  are  being  applied  in  turbines  of  various  power  from  several  kilowatts  to 
several  hundred  thousand  kilowatts.  These  stages  are  being  applied  everywhere  in 
turbines  of  low  and  medium  power,  in  marine  turbines,  and  drive  turbines.  The  use 
of  velocity  stages  in  these  machines  is  prompted  by  the  large  range  of  load 
variation,  when  it  is  expedient  to  increase  the  heat  drop  of  the  regulating  stage. 
The  same  should  also  be  extended  to  turbines  with  steam  bleed.  Velocity  stages 
are  also  widely  used  in  power  machinery.  An  example  of  this  is  the  LMZ  series  of 
high-pressure  turbines,  the  LMZ  turbine  CBK-150,  turbine  No.  1  at  the  Addistown 
Station  (USA),  the  Westinghouse  525  thousand-kilowatt  turbine,  the  Siemens-Schuckert 
150  thousand-kilowatt  turbine  for  the  Fortuna  Station  (FRG),  and  others.  Velocity 
stages  are  used  everywhere  in  the  form  of  regulating  stages  or  first  stages  (for 
throttled  steam  distribution),  in  marine  turbines,  and  for  astern  stages. 

It  should  be  noted  that  the  economy  of  velocity  disks  was  determined  recently 
only  on  the  basis  of  the  results  of  tests  of  steam  turbines  with  old-type  velocity 
wheels.  Thorough  investigations  of  velocity  wheels,  including  comparative  analyses. 


♦Recently,  velocity  stages  have  also  been  employed  in  gas  turbines. 
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and  also  attempts  to  create  new,  highly  economical  stage,  began  only  recently. 

In  the  steam  turbines  that  were  manufactured  earlier  by  our  turbine-construction 

* 

plants,  several  combinations  of  double-rim  velocity  wheels  were  employed.  These 
wheels  were  developed  lately  by  certain  foreign  firms  (mainly  by  GE  in  the  United 

States),  and  were  modified  to  some  extent  by  our  plants.  In  1955*  the  Department 

1 

of  Steam  and  Gas  Turbines  of  the  MEI  created  several  combinations  of  velocity  stages, 
checked  them  in  experimental  turbines,  and  had  them  manufactured  by  the  turbine- 
construction  plants  (KTZ,  LMZ,  LKZ,  UTMZ,  the  ELlsen  plants  in  Czechoslovakia,  and 
others).  Following  the  MEI,  the  VTI  and  TsKTI  began  developing  new  velocity  stages. 

The  double-wheel  velocity  stage,  as  compared  to  the  single-wheel  model,  is  a 
more  complicated  cascade  combination.  The  design  of  the  flow  area  of  a  velocity 
wheel  is  determined  by: 

a)  the  cascades; 

b)  the  relationships  between  the  geometric  characteristics  of  the  cascades 
(areas,  heights,  and  angles); 

c)  the  axial  clearances  (open  and  closed)  and  the  stage  sealing. 

Selection  of  the  geometric  design  of  a  velocity  stage  depends  on  many  factors, 
the  basic  ones  of  which  are: 

1)  the  operating  conditions  of  the  stage,  i.e.,  the  pressure  ratio  s  -  P2/Po 

and  the  velocity  ratio  u/c  where  c^  =  is  ttle  fictitious  velocity,  which 

is  calculated  for  the  entire  heat  drop  of  the  stage; 

2)  the  change  of  the  operating  conditions  of  the  stage; 

3)  the  admission  of  the  stage  and  the  quantity  of  nozzle  arcs  (including  the 
clearances  between  arcs),  and  the  possibility  of  installing  special  protection; 

*1)  the  possibilities  of  the  stage  sealing; 

5)  the  conditions  of  strength  and  vibrational  reliability  of  the  blading; 

6)  the  technology  and  quality  of  manufacture. 

Let  us  discuss  the  influence  of  these  factors  (the  influence  of  admission  is 
considered  in  the  following  chapter).  Stages  that  are  calculated  for  operation  with 
supersonic  velocities  at  very  large  drops  (e  <  0.4  to  0.3)  can  have  nozzle  cascades 
with  expanded  channels  (see  §  32).  However,  even  at  velocities  exceeding  critical, 
to  e  >  0.4,  convergent  nozzles  are  usually  applied. 


“This  book  does  not  consider  the  triple-wheel  velocity  stages  which  are.  rarely 
encountered  and  only  under  specific  conditions. 
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In  the  last  case  it  is  necessary  to  consider  the  effectiveness  of  these 
cascades  under  supersonic  conditions  of  flow,  and  also  the  change  of  the  direction 
of  the  exit  angle  (taking  into  account  the  deflection  of  flow  in  the  slanting  shear 
of  the  cascade). 

As  the  experiments  show,  the  optimum  values  of  xi  =  u/c,  depend  on  the 

p  v 

cascade  combination,  e  =  and  on  certain  additional  geometric  factors  (absolute 
values  of  areas,  clearance  sealing,  and  others’).  For  known  quantities  of  the 
computed  values  of  and  e,  the  combination  that  provides  the  highest  efficiency 
should  usually  be  selected.  | 

Besides  the  computed  values  of  and  s',  it  is  necessary  to  know  within 

what  limits  these  quantities  vary.  In  most  cases  we  try  to  attain  a  sufficiently 
high  stability  of  efficiency  in  a  wide  range  of  variation  of  x  ^  and  e,  sometimes 
being  satisfied  with  a  lower  efficiency  under  design  conditions. 

The  possibilities  of  the  stage  sealing  to  a  considerable  extent  determine  the 
selection  of  the  calculated  reactions,  i.e.,  the  ratio  of  the  cascade  areas.  If 
for  some  reason  it  is  hot  possible  to  ensure  sufficient  sealing  of  the  clearances, 
and  also  for  partial  steam  input,  then  It  is  not  recommended  to  apply  considerable 
positive,  and  all  the  more  so,  negative  degrees  of  reaction.  It  should  be 
recalled  that  when  the  conditions  are  changed  (e,  and  mainly  x  ^  ),  the  reaction 
of  the  stage  and  of  its  separate  wheels  changes.  Increase  o.  x ^  causes  a  growth 
of  the  reaction,  and  with  poor  sealing,  it  brings  about  an  increase  in  steam 
leakages.  This  is  the  tendency  with  the  decrease  of  e.  One  should  not  forget  that 
an  increase  of  the  reaction  leads  to  the  large  influence  of  losses  in  the  moving 
and  rotating  cascades  on  the  efficiency  of  the  stage.  The  losses  In  these  cascades 
arc  considerably  higher  than  those  in  a  nozzle  cascade,  mainly  due  to  the  considerable 
end  effects. 

In  a  regulating  stage  with  a  low  steam  rate,  the  velocities  of  the  flow  become 
so  high  that  there  occurs  choking  of  the  channels  of  the  moving  cascade  and,  in 
spite  of  the  lowering  of  x^,  the  reaction  increases. 

In  turbines  with  high  parameters  with  respect  to  conditions  of  strength  and 
vibrational  reliability,  it  is  necessary  to  make  the  rotor  blades  wider  than  is 
usually  done.  Consequently,  the  relative  height  of  the  cascades  decreases,  and 
their  effectiveness  is  lowered.  For  design  simplification  in  low-power  turbines, 
the  blades  frequently  are  made  with  straight  shrouds,  which  creates  additional 
conditions  for  the  ratio  of  areas  and  heights. 


ihe  geometric  characteristics  of  a  number  of  velocity  stages  with  convergent 
-nozzle  channels  are  presented  below. 

Old  Cascade  Combinations  for  Low-Power  Turbines 
‘jhit*  •ocil-5 'wiion  was  employed  earlier  in  several  modifications  by  the  KT7  and 

NZL. 

Let  us  consider  a  stage  according  to  the  data  of  NZL  (AK-6  stage).  The 
geometric  characteristics  of  the  velocity  stage  are  given  in  Table  9. 


Table  9.  Geometric  Characteristics  of  NZL  Velocity 

Stages _  *  . _ _ '  _ 


Paraetera  of  atege 

Type  of  stage  j 

AK-6  . 

AKB-14 

Height  of  noaale  cascade . . 

Umm 

15.2  a* 

Sine  of  effective  angle: 

0,171 

0,245 

i  norlng  . . 

0,22 

0.2*5 

rotmtln*  .  r  f  r  r . .  _ 

0.31 

0398 

2nd  nosing  ciicaidi . 

0.50 

0.527 

Ratio  of  areas: 

1.57 

tjsi 

fjfI  .  .  . . 

2,52 

tM 

4.71 

4.25 

Ratio  of  height*: 

1.23 

1.32 

fill ..................  . 

1.39 

1.5* 

Lj). . . . 

1.61 

1,98 

A  consideration  of  the  cascades  of  this  stage  and  investigations  of  certain 
ones,  conducted  by  a  number  of  organizations,  showed  that  they  have  unsatisfactory 
profile  shapes,  are  sensitive  to  changes  in  the  conditions  of  flow  (velocities  and 
exit  angles).  At  the  same  time,  the.  successful  selection  of  ratios  of  heights  and 
areas,  performed  on  experimental  installations,  made  it  possible,  in  spite  of  the 
poor  quality  of  the  cascades  themselves,  to  attain  satisfactory  economy  under 
design  conditions.  This  selection  made  it  possible,  under  these  circumstances  and 
with  full  steam  input,  to  obtain  an  optimum  distribution  of  the  wheel  reaction. 

Old  Combination  of  Velocity  Stage  Cascades  for  High-Power  Turbines 
This  cascade  combination  differs  by  the  large  exit  angle  of  the  nozzle  cascade, 
and  the  tapered  shrouds  of  the  rotating  and  second  moving  cascades.  Its  basic 
relationships  are  given  in  Table  10. 
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Tabic  10.  Basic  Characteristic  Old  Type  of  Velocity 
Stage  Intended  for  Power  Turbines 


Designation 

Symbol  - 

Quantities 

Cascade  angles  i 

noiale  .  . 

1st  Moving . 

. 

2nd  Moving  •••••«• 

&K 

ic*-i*r 

25J;jn’ 

30V26’  or  V'W 

5U73S°  or  50,;*r 

Ratio  of  cascade  areas 

JK- 

is 

is 

42 

Ratio  of  cascade  heights 

VA 

VA 

VA 

U-12 

1.2— 1.4 

Plants,  in  applying  this  cascade  combination,  for  different  reasons  frequently 
deviated  from  the  relationships  in  Table  10,  and  they  sometimes  replaced  certain 
cascades. 

Thus,  as  also  in  the  preceding  stage,  the  moving  cascades  of  this  combination 
are  unsatisfactory;  at  the  same  time,  the  losses  in  the  nozzle  cascade,  with  high 
heights,  are  not  much  higher  than  those  in  contemporary  profiles.  It  should  be 
borne  in  mind,  however,  that  for  velocity  stages,  in  distinction  from  impulse 
single-wheel  stages,  the  specific  gravity  of  losses  in  the  first  moving  cascade  is 
very  great  and  therefore  a  decrease  of  losses  in  it  essentially,  improves  the 
economy  of  the  whole  stage. 


MEI  Velocity  Stages 

The  velocity  stages  r-  ated  and  developed  by  the  Department  of  Steam  and  Gas 
Turbines  at  MEI  are  catenated  for  various  heat  drops  and  are  recommended  for 
steam  turbines  of  various  power  and  different  purpose. 

The  investigations  conducted  at  MEI,  LKZ,  KTZ,  LMZ,  and  NZL  by  V.  A.  Abramov, 

F.  V.  Kazintsev,  Yu.  Ya.  Kachuriner,  V.  D.  Pshenichny,  L.  P.  Sokolovskiy,  and 
A.  V.  Shchekoldiny  showed  the  advantages  of  these  stages  as  compared  to  the  others. 
The  stages  are  composed  of  MEI  cascades  that  were  tested  in  static  test  rigs. 

Inasmuch  as  velocity  stages,  as  a  rule,  have  low  blade  heights,  and  in  a  number 
of  cases  for  guarantee  of  reliability  it  is  necessary  to  have  large  chords,  in  the 
creation  of  the  MEI  velocity  stages  special  attention  was  allotted  to  lowering  the 
end  losses.  For  this,  in  particular,  the  special  measures  listed  above  were  applied, 
i,o.,  meridional  profiling  in  the  nozzle  cascade  with  one-sided  contraction,  and 
type  "K"  profiles  for  the  moving  and  rotating  cascades. 
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The  cascade  combinations  and  the  area  ratios  are  selected  in  such  a  way  as 
to  ensure,  first,  high  efficiency  with  partial  steam  admission  and,  secondly,  low 
sensitivity  to  changes  in  conditions  (e  and  ),  which  is  very  important 
practically  for  all  velocity  stages. 

Depending  upon. the  calculated  pressure  ratio  e  and  the  -volume  flow  rate  Gv». 

\J 

various  combinations  of  MEI  velocity  stages  are  recommended.  Although  the  MEI 
developed  a  large  number  of  combinations,  this  paragraph  considers  only  those  stages 
which  were  tested  in  the  experimental  turbines  of  various  plants,  those  being  used 
in  new  turbines,  and  modernized  versions  of  old  ones  installed  at.  electric  power 
stations. 

Three  stages  underwent  this  development: 

1)  stage  KC-OA  —  intended  for  low  volume  flow  rates  of  steam  and  low  heat  drops 
(for  0.7  >  e  >  0.45); 

2)  stage  KC-1A  —  for  high  volume  flow  rates  of  steam  and  low  heat  drops 
(0.75  >  e  >  0.45); 

5)  stage  KC-1E  —  for  medium  and  high  volume  flow,  rates  of  steam  and  high  heat 
drops  (0.7  >  e  >  0.35). 

All  of  these  stages  can  be  recommended  both  in  their  original  form,  and  also 
in  an  improved  form  (with  meridional  profiling  and  with  type  K  moving  cascades). 

The  velocity  stages  were  tested  both  with  ganged  milled  nozzles,  and  also  with 
welded  nozzle  cascades.  The  flow  areas  of  MEI  velocity  stages  are  shown  in  Fig. 

147.  The  cascades  used  for  the  blading  of  these  stages,  and  their  characteristics, 
arc  considered  in  Chapter  I  and  are  given  in  the  atlas  of  profiles. 

The  geometric  characteristisc  of  MEI  velocity  stages  are  given  in  Table  11. 

The  MEI  velocity  stages  were  investigated  for  various  geometric  parameters  and 
they  can  be  applied  for  any  diameters  and  various  heights,  starting  from  l.  =  14  mm 
and  l±/b ^  =  0.3  with  a  cylindrical  contour  and  from  =  10  mm  and  l^/b^  **  °.2  for 
meridional  profiling  with  a  high  quality  of  manufacture. 
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Fig.  147.  Flow  areas  of  velocity  stages:  a)  velocity 
stage  MEI  KC“1B  with  milled  nozzles  (LKZ  design);  b) 
velocity  stages  MEI  KC-OA  and  KC-1B  with  meridional 
profiling  (KTZ  design):  c)  MEI  velocity  stage  for 
hlgh-powor  turbines;  d)  VTI  velocity  stage;  e)  TsKTI 
velocity  stage. 


1  - 

Designation 

Type  of_stages 

KC4A  |  KC-Ta  1  AC-1* 

Nozzle  cascade . 

TC-1A 

TP-OA 

TP-2A* 

TP-4A 

TC-2A  or 
TC-2Ax 

TP-1  or 
TP-IAk 
TP-3A* 
TP-4A 

TC-26  or 
TC-26* 
TP-1B  or 
TP-IBk 
TP-3A* 
TP-5Ar 

1st  moving  cascade.. 

Rotating  cascade.... 
2nd  moving  cascade.. 

Cascade  nozzle 

list  moving 
ex7t-  \  rotating 
angles  1 2nd  moving 

11-13* 

14—16* 

20-22* 

26—30° 

14-16* 

17-13* 

23-25° 

29-32° 

is-ir 

17—20* 

23-25* 

31-33* 

Ratio  of  fist' moving 
cascade  {rotating 
areas  12nd  moving 
f/j\.  ' : 

P»t»Si 

rtf 

1. 48-1.54 
2.40-2.50 
■  3,4— 3.6 

1.5— 1;56 
2,45—2.55 
3^— 3.8 

VTI  Velocity  Stage 

The  VTI  is  using  its  own  velocity  stage  for  modernizing  oldrtype  turbines. 

The  flow  area  of  the  VTI  stage  is  shown  in  Fig..  147 d.  Thu  geometric  ratios  of  the 
VTI  stage  are  given  in  Table  12.  VTI  velocity  stages  were  investigated  in  experi¬ 
mental  turbines  at  LMZ,  LKZ,  and  NZL. 


Table  12.  Geometric  Characteristics  of  VTI  Velocity 
Stage-  for  Modernization  of  LMZ  Turbines  BK-1Q0-2 


Designation 

> 

■  gascade 

Angles 

'A 

Nowle  cascade . . 

,  IK-2222 

15* 

1 

1st  moving  cascade.... 

VTI-28 

20°/ 10°  24' 

1.23 

Rotating  cascade...... 

VTI-34 

25720°  37' 

2,28 

2nd  moving  caacade. . . . 

VTI-U2 

35732°  13' 

4.16 

In  spite  of  meridional  profiling  and  new  moving  and  rotating  cascades  which, 
of  course,  should  increase  the  economy  of  a  stage,  the  VTI  cascade  combination 
has,  in  our  opinion,  essential  deficiencies.  First,  the  nozzle  cascade  is  not  the 
best  under  these  circumstances,  xvhich  was  proven  by  static  tests  of  LMZ  ]50], 
Secondly,  as  may  be  seen  from  Table  12,  the  first  moving  cascade  has  a  very  small 
relative  area  as  compared  to  the  other  combinations,  and  consequently,  with  full 
steam  input  it  has  a  high  reaction,  which  was  confirmed  by  experiments  in  a  turbine 
With  partial  steam  Input,  this  high  reaction  will  cause  increased  losses  due  to 
leakages,  which  considerably  lower  the  economy. 

TsKTI  Velocity  Stage 

For  subsonic  velocities,  the  TsKTI  developed  and  investigated  [70]  a  velocity 
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stage.  The  stage  was  tested  with  one  cascade  combi. nation  and  one  height,  l1  = 

*  20  mm  (l^/b^  =  0.87).  The  dimensions  of  the  stage  are  shown  in  Fig.  i47e.  The 
axial,  and  especially  the  radial  clearances  are  small.  The  stage  was  equipped  with 
an  C-l  nozzle  cascaae  and  T-l,  T-2,  ;and  T-3  cascades.  Angles  =  12°. 55*.  The 

stage  was  tested  in  two  modifications;  in  the  second,  the  angle  of  incidence  of  the 
profile  of  the  first  moving  cascade  was  decreased  by  1°,  and  increased  by  2°  for 
the  rotating  cascade. 

The  efficiency  of  the  stage  with  full  input  is  shown  in  Fig,  148.  At  optimum 


■i 


the  experiments  were  conducted  with,  M  =  0.9  and  Re  =  ll-lO-5.  The  total 

C1  C1 

reaction  of  the  stage  in  the  optimum  zone 


amounts  to  2p  =  0.22  to  0.24  (curve  2). 

The  stage  of  the  second  modification,  in 
experiments  with  radial  seals  removed  (curve  i). 


showed  a  decrease  in  economy  by 


Atj 


0J1 


-  0.05 


'OJI 


Fig.  148.  Efficiency  of  TsKTI. 
velocity  stage  with  full  input 
(TsKTI  experiments):  l ^  =  20  mm; 

e  =  0.5;  Re  =  11>105. 

C1 


(at  e  =  0.48  to  0.57).  This  stage  was  also 
investigated  with  partial  input.  In  this 
case,  in  the  inactive  part  of  the  rotating 
cascade  the  channels  were  closed  and  the 
bounds  of  the  inpulse  arc  were  somewhat 
displaced.  The  efficiency  of  the  stage  with 
partial  admission  e  =  0.5  amounted  to  (Roi^max 
=  0.74. 


Comparisons  of  Velocity  Stage  Economy 

Plant  laboratories  conducted  comparative  investigations  of  various  combinations 
of  velocity  stages,  which  are  considered  in  this  paragraph,  in  experimental  steam 
turbines. 

Similar  tests  are  the  most  correct  for  a  comparison  of  the  economy  of  different 
combinations.  An  obligatory  condition  must  be  identical  technology  and  quality  of 
manufacture.  In  a  number  of  cases  those  requirements  were  2iot  observed,  which 
should  be  borne  in  mind  during  the  analysis  of  the  results  of  the  experiments. 

KTZ  experiments.  The  KTZ  laboratory  conducted  a  comparison  of  the  economy 
of  an  old  combination  and  MEI  stages  KC-1A  in  the  original  version.  The  stage 
tested  had  a  diameter  of  800  mm,  nozzle  height  15  mm,  and  partial  admission  e  = 

-  0,4l,  Under  transonic  conditions  (e  =  0,48  to  0.59)  the  efficiency  was 
increased  from  56.7#  to  The  technology  of  manufacture  of  the  stage  was 
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practically  identical  and  corresponded  to  standard;  plant  technology  [74] . 

LMZ  experiments.  With  an  identical  diameter  of.  d  •--?  935  .ran,  nozzle  height  . 

=  19.7 i  and  full  steam  input,  three,  full-scale  velocity  stages  were,  ^tested; 
an  old  LMZ  stage  similar  to  the  stage  considered  above  in  Table  10;  ah  MSI  KC-lA  ' 
stage  in  original  form,  i.e.,  without  meridional  profiling;  a  VTI  stage. with 
meridional  profiling.  All  three  stages  were  manufactured  with  large  design  deviations. 
The  experiments  were  conducted  at  a  constant  speed,  h  ~  3000  .rpm,  The ..highest 
efficiency  of  the  MEI  stage,  as  compared  to  the  old  stages  gave  a  gain  of  s  JL4$. 

The  curve  of  efficiency  of  the  VTI  stage  lies  between  these  two  curves.  With 
partial  steam  input,  the  advantages  of  the  MEI  stage  should  be  exhibited  to  aii  even 
greater  degree  (see  Chapter  VI). 

NZL  experiments.  The  economy  of  an  AK-6  NZL  and  an  MEI  KG'-IB  velocity  stage 
was  compared.  The  MEI  stage  was  tested  in  original  form  .with  a  welded  diaphragm 
manufactured  by  KTZ.  The  NZL  stage  had  milled  nozzles;  therefore,  a  comparison  of 
the  results  of  the  experiments  is  difficult..  Furthermore,,  it  should  be  noted  that 
the  AK-6  NZL  stage  must  be  compared  with  an  MEI  KC-OA  stage,  which  is  also  calculated 
for  low  volume  flow  rates  of  steam.  According  to  the  results  of  NZL  experiments 
with  full  steam  input,  both  stages  that  were  investigated  have  approximately  identical 
economy.  With  partial  steam  input,  the  MEI  stage  has  an  advantage  of  0.3  to  0.8$ 

[52,  53].  Even  without  the  latest  improvements,  the  MEI  stage  with  identical 
technology  will  show  a  noticeable  gain  in  economy  in  a  comparison  for  identical 
area  F^.  -  irdl^b  din  a  L (see  below,  Fig.  178). 

LKZ  experiments.  The  LKZ  tested,  in  particular,  an  old  stage,  the  so-called 
combination  No.  113,  an  MEI  KC-1B  stage,  and  a  VTI  stage.  The  technology  of 
manufacture  of  the  stages  (milled  nozzles)  and  the  basic  dimensions  were  identical; 
With  full  steam  input,  the  experiments  showed  a  lower  economy  for  stage  No.  113 
than  for  the  new  stages;  the  MEI  stages  have  a  somewhat  higher  efficiency  than  the 
other  stages  (this  advantage  shows  up  essentially-  at  small  u/c ^  ). 

With  partial  input,  the  MEI  stage  should  have  a  better  economy  than  the 
remaining  combinations,  especially  with  high  heat  drops.  Recently  a  version  of  the 
MEI  stage  was  Investigated  [78]. 

§  26.  THE  INFLUENCE  OF  THE  BASIC  PERFORMANCE  PARAMETERS  ON  THE  EFFICIENCY, 
REACTION,  AND  RELATIVE  FLOW  RATE  OF  A  VELOCITY  STAGE 

For  the  calculation  and  selection  of  a  velocity  stage,  and  a  comparison  of  it 
with  a  single-wheel  stage.  It  is  necessary  to  know  the  efficiency  of  the  stage  i^, 
the  reaction  p,  and  the  flow  rate  characteristic,  i.e.,  the  relative  flow  rate 
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Pq  or  the  flow  rate  coefficient  of  the  stage  p  .  Knowing  these  quantities  and  all 
the  geometric  characteristics  of  the  stage,  one  can  determine  the  steam  flow  through 
the  stage  and  its  power,  and  perform  a  strength  analysis  on  the,  stage  elements. 

All  three  of  these  quantities,  p,  and  pq  (or  PCT),  depend  on  the  geometric 

and  perfommce  parameters.  The  latter  imply,  as  usual,  x^  =»  e  =  P-a/Po* 

and  the  Reynolds  number. 

Since  static  investigations  and  experiments  with  stages  in- experimental  turbines 

showed  that  the  influence  of  the  Re  number  on  the  efficiency  and  the  other 

characteristics  starts  to  show  up  only  at  Re  <  (5  to  6)*i0^,  i.e.,  at  Re  numbers 

C1 

which  are  not  encounted  in  the  velocity  stages  of  stationary  steam  turbines,  then, 
in  distinction  from  Chapter  IV,  the  effect  of  Reynolds  number  is  not  considered 

it  , '  ^ 

here.  Thus,  only  three  dependences  remain. 

= /(-**. «); 

c =/'(**.  «j; 

/*(*>.  *)  and  \icm  =  r(*+,  «)• 


In  analyzing  the  change  of  the  reaction,  we  shall  not  limit  ourselves  to  the 
total  reaction,  2p,  which  is  the  ratio  of  the  available  heat  drop  of  both  moving 
and  rotating  cascades  to  the  available  heat  drop  of  the  stage,  and  we  shall 
investigate  the  reaction  around  the  wheels,  i.e.,  for  separate  cascades,  p^,  pR,  and 
p2,  inasmuch  as  only  a  detailed  analysis  of  the  reaction  around  the  wheels  makes  it 
possible  to  correctly  select  the  dimensions  and  calculate  the  stage. 

The  Influence  of  x  ^  on  Stage  Efficiency 

A  change  in  (when  e  =  const)  affects  the  efficiency  of  a  velocity  stage 

due  to: 

a)  the  change  of  the  magnitude  and  direction  of  the  outlet  velocity  c0,  and 

consequently,  the  magnitude  of  the  losses  with  the  outlet  velocity  £  ; 

b)  the  change  of  the  exhaust  velocity  from  the  nozzle  cascade  in  connection 
with  the  change  of  the  reaction  and  the  losses  in  this  cascade  £  c ,  inasmuch  as 

they  depend  on  the  M  number; 

C1 

c)  the  change  of  the  magnitude  and  direction  of  the  inlet  velocities  to  the 
moving  and  rotating  cascades,  and  consequently,  the  conditions  of  the  flow  around 


'If  the  stage:;  are  tested  in  experimental  turbines  at  Re  <  Ke0BTOM>  I5  nec¬ 
essary  to  introdueo  a  correction  for  the  Re  number. 
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these  cascades  with  the  losses  in  them; 

d)  the  redistribution  of  heat  drops  between  cascades,  talcing  into  account  the 
various  effectiveness  of  all  four  cascades,  leads  to  a  change  in  the  stage  efficiency 

e)  the  change  of  losses  due  to  steam  leakages,  directly  or  indirectly  (through 
the  reaction),  depending;  on  x^j 

f)  the  change  of  disk  friction  losses,  which  depend  on.  x^. 

The  dependence  i)0^  =  f  (x^ )  for  a  specific  stage,,  with  its  geometric  charac¬ 

teristics  determined  And  given  .£,  can  be  determined  experimentally.  Such  a  typical 

dependence  is  the  cur/e  shown  in  Fig.  149;  The  points 
were  obtained  by  experiments  in  an  MEI  experimental 
steam  turbine  for  a  KC-1A  stage  with  the  area,  ratio 
1:1.63*2.48:3.60,  diameter  d  -  668  mm,  and  nozzle 
height  l ^  =  25  mm,  *  0.5.  The  characteristic 

curve  was  obtained  for  constant  e.  When  e  =  0.60 
the  highest  efficiency  t}  considering  ail  losses 
in  the  stage,  including  the  losses  due  to  disk 


Fig;  149.  Relative  in¬ 
ternal  efficiency  of  an 
MEI  velocity  stage  KC-1A, 
depending  upon  u/c^  and 

various  e  (MEI  experi¬ 
ments). 


friction,,  is  attained  at  =0.31.  At  the  value 

of  =  0.23.  the  efficiency  is  lowered  by  At^/t^ 

An  , 

=  2.8$,  and  at  xA  =  0.42,  by  — - —  =  9*1/6*  Thj.s 
9  \>i 

sharp  lowering  in  efficiency  with  the  growth  of  x^ 
to  a  considerable  extent  is  explained  by  the  increase 
of  losses  due  to  disk  friction  which,  as  compared  to 
x  (j,  =  0.31,  increase  by  2.5  times. 

It  is  considerably  more  difficult  to  calculate 
the  dependence  =  f(x£,)  for  a  double-wheel  stage 


than  for  a  single-wheel  stage,  since  it  is  necessary  to  know  the  change  of  the 
conditions  of  flow  around  the  four  cascades,  the  characteristics  of  which  are 
usually  known  only  on  the  basis  of  the  results  of  investigations  of  two-dimensional 
cascades,  and  the  flow  rate  coefficients  are  inaccurate. 

If,  for  a  determined  efficiency  of  a  single-wheel  stage,  the  main  condition 
of  correctness  of  the  calculation  according  to  the  results  of  static  test  was  an 
exact  knowledge  of  the  losses  in  the  nozzle  cascade  under  conditions  most 
approximating  actual,  then  for  a  velocity  stage  this  requirement  is  also  extended 


to  the  moving  cascade  of  the  first  wheel. 

For  a  double-wheel  velocity  stage,  the  change  in  efficiency,  depending  upon 


the  change  in  cascade  losses  (at  optimum  x^),  may  be  expressed  by  the  .approximate 
formula 


-  Aij*  =  0.9Ak  +  0,5A£W  +  0.2AC,  +  0.05A^.  ,(.ii»7 ) 


Thus>  an  error  in  the  determination  of  .  by  1#  will  lead  to  an  error  in 
the  determination  of  efficiency.  Atjq^  by  0.5^,  and  at  the  same  time,  for  an  impulse 
single-wheel  stage,  this  will  give  an  error  in  efficiency  by  only  0.25#.  However, 
the  calculation  of  a  velocity  stage,"  although  it  does  not  give  full  coincidence 
with  the  experiments  in  a  turbine,  nevertheless  makes  it  possible  to  perform  an 
analysis  of  the  influence  of  various  factors  on  the  economy  of  the  stage. 

Figure  150a  gives  the  dependence  of  cascade  losses  and  loss  with  the  outlet 
velocity  for  a  KC-OA  double-wheel  velocity  stage  with  e  =  0.55,  which  was  calculated 
according  to  static  cascade  tests,  including  tests  of  a  nozzle  cascade  in  a  full- 
scale  diaphragm.  One  would  think  that  the  main  influence  on  the  change  of 


efficiency  t)ojj  would  be  rendered  by  the  losses  with  the  outlet  velocity,  while  the 
{Losses  in  the  nozzle  cascade)  would,  not  change  essentially.  In  reality,  for  a 
given  stage  and  given/e,  upon, transition  from  x^  =  O.J'4  to  =  0.20,  the  losses 


Xn  the  nozzle  cascade  increase  from  8  to  15. 


Fig.  150.  Calculation  of  KC-OA  velocity 
stage  at  e  =  0.55;  a)  change  of  cascade 
losses  and  losses  with  outlet  velocity 
depending  upon  u/c  b)  change  of 

entrance  angles  and  angle  of  direction  of 
outlet  velocity  from  u/c  ^ . 


5$,  i.e.,  they  increase  almost  twice; 
the  losses  in  the  first  moving  cascade 
increase  from  5.5  bo  8.5$;  in  the 
rotating  cascade  they  increase  from 
2  to  3.5$;  in  the  second  moving  cas¬ 
cade  the  losses  almost  do  not  change. 
The  losses  with  the  outlet  velocity, 
after  reaching  a  minimum  of  2.5#  at 
x^  =  0.3,  increase  at  x^  =  O.35 
and  x  ^  =  0.2  to  3#.  Thus,  from  a 

consideration  of  the  graph  it  is  clear 
that  the  main  change  In  efficiency  is 
connected  v/llh  the  losses  in  the 
nozzle  cascade.  This  is  explained 
by  the  increase  of  the  heat  drop  in 
front  of  this  cascade  in  connection 


with  the  decrease  of  the  total  reaction 


J2bi- 


* 


and  the  transition  from  subsonic  to  supersonic  velocity,  when, the  losses  noticeably 
increase  in  the  given  cascade. 

For  another  e,  the  picture  of  the  change  of  losses  from  can  be  completely 

different. 

Thus,  for.  instance,  for  the  same  KC-CA  stage,  but  at  e  =  0.7,  in  the  same 

range  of  variation  of  x^,  the  losses  in  the  nozzle  cascade  change  from  9.3/6  to 

12.7/5.  For  an  analysis  of  the  performance  of  each  cascade  it  is  necessary  also  to 

know  the.  changes  of  their  angles  at  e  =  0.55/  which  "are  shown  in  Fig.  lpOb. 

The  toptimum*  value  of  the  velocity  ratio  x*  is  very  important  for  a 

^onT 

velocity  stage.  For  velocity,  stage  with  full  steam  input,  this  value  varies  from 

0.26  to  0.53  and  depends  mainly  on  the  total  reaction  of  the  stage  Zp  (or  the  area 

ratios  and'  e).  The  greater  Zp  is,  the  higher  the  value  of  xa  .  A  large 

4oriT 

influence  on  xa  is  rendered  the  stage  sealing  and  the  dimensions  of  the 

'Ponr 

nozzle  cascade.  In  the  absence  of  sealing,  xa  decreases  and,  other  things 

s'oht 

being  equal,  xa  increases  as  the  area  increases. 

<Poiit  1 

Inasmuch  as  a  decrease  of  the  -  ptimum  value  of  4  .  Is  very  important, 

4  onr 

since  it  leads  to  the  development  of  a  large  heat  drop,  i.e.,  the  solution  of  the 

main  problem  of  a  velocity  stage,  it  would  be  of  interest  to  create,  special  stages 

with  low  xa  .  However  °  lowering  of  optimum  xa  i;s  possible  only  at 

small  Zp  and  large  additional  losses.  Other  ways  of  lowering  xa  ,  which  is 

^■onT 

applied  in  a  number  of  cases,  Is  the  installation  of  a  diffuser  behind  the  stage 

(see  §  2Ji ) .  A  very  small  Zp  leads  to  a  certain  decrease  in  economy  and,  most  of 

all,  it,  giv  s  a  steeper,  descending  character  of  th<-  dependence  of  efficiency  on 

x^  with  the  decrease  of  x^.  Thus,  an  increase  in  the  efficiency  of  a  velocity 

stage  is  inseparably  connected  with  an  increase  of  xa 

I'  should  be  noted  that  in  the  practice  of  a  number  of  turbine  plants  and  in 

training  literature  for  design  conditions  of  a  regulating  double-wheel  velocity 

stage,  even  with  low  additional  losses,  decreased  values  of  Xx  were  selected. 

4oriT 

Quito  often  this  was  encountered  in  unified  turbines. 

For  powerful  steam  turbines,  whore  economy  is  a  decisive  factor  when  designing 
the  flow  area,  sufficiently  high  optimum  values  of  must  be  selected.  According 


‘Hero  and  below,  the  optimum  velocity  ru»,o  x^  implies  the  quantity  that 

ensures  the  highest  stage  efficiency,  and  not  iff*  maximum  economy  of  the  whole  tur¬ 
bine.  Tn  t  clinical-economic  calculations,  the  he  .t  drop  of  a  regulating  stage  docs 
not  correspond  to  the  optimum  value  of  x^.  '.hose  questions  pertain  to  the  designing 

of  ail  enti r- •  turbine  on  the  whole  and  are  not  cc»sid*red  in  this  book. 
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to  available  data  on  foreign  turbines,  the  practice  cf  the  GE  Company  should  be 
noted;  GE  designs  their  double-wheel  regulating  stages  for  x^  =  O.31  [1^2]. 

Of  large  value  fora  velocity  stage  is  the  stability  of  the  efficiency,  which 
is  especially  important  from- the  point  of  view  of  varying  operating  conditions, 
ip  wl]ich  there  is  a  wide  change  of  the  ^characteristics  of  x^  and  e  in  velocity 
stages.  This  position  pertains  practically  to  all  cases  of  the  application  of 
velocity  stage;  in  the  form  of  a  regulating  stage,  the  astern  stages  in  marine 
turbines,,  and  the  stages  of  a  drive  turbine.  The  stability  of  a  stage's  economy 
is  attained  by:  first,  the  selection  of  cascades  with  low  losses  in  a  wide  range 
of  Variation  of  M  number  and  angle  of  leakage;  secondly,  the  correct  selection  of 
the  area  ratios,  especially  for  the  first  wheel,  which  ensures  moderate  positive 
reactions;  thirdly,  good  stage  sealing,  which  lowers  the  losses  due  to  steam  leakages.. 

If  the  stage  has  an  insignificant  drop  in  efficiency  when  is  decreased, 
it  would  be  of  value  in  a  number  of  cases  to  design  the  velocity  stage  with  a 
velocity  ratio  below  optimum  for  turbines  with  low  volume  steam  admission. 

-we  shall  discuss  two  cases. 

i.  The  heat  drop  of  the  stage  remains  the  same,  but  the  calculated  x^  is 
lowered.  This  leads  to  a  decrease  of  the  diameter  and  to  a  corresponding  increase 
of,  either  the  blade  height  or  the  partial  admission.  If  partial  admission  is 
disregarded,  and  a  stage  with  full  steam  input  is  considered  (for  instance,  throttled 
steam  distribution  with  the  first  stags  —  a  Curtis  disk  -  of  the  Westinghouse 
turbine,  USA,  with  a  power  of  325  thousand  kilowatts,  an  increase  of  the  cascade 
height  undoubtedly  will  increase  the  stage  efficiency  to  a  larger  degree  than  it 
can  lower  the  decrease  of  diameter.  Thus,  for  instance,  for  a  stage  with  a  welded 
nozzle  cascade  without  meridional  profiling,  with  d  =  1000  mm  and  height  =  20  mm, 
oijt  ~  and  n0J]  «*  76,5#.  A  decrease  of  to  0.28  will  lower  the 
efficiency  by  1,2#.  For  the  same  heat  drop,  the  diameter  of  the  stage  will  be  875  mm, 
which  will  decrease  the  efficiency  by  0.*!#,  An  increase  of  the  height  of  the 
nozzle -grid  to  22.9  mm  will  increase  the  efficiency  by  1.5#.  As  a  result,  the 
relative  blade  efficiency  will  almost  be  unchanged,  and  the  relative  internal 
efficiency  will  even  increase  somewhat  because  of  the  decrease  of  losses  due  to 
disk  friction.  The  calculation  of  this  example  was  performed  on  the  basis  of 
materials  of  an  investigation  of  a  MEI  stage  with  a  very  sloping  characteristic 
curve,  =  f(x  ^  ).  If  the  stage  has  milled  ganged  nozzles,  the  effect  of 
height  will  be  smaller,  ‘horoforo,  should  be  selected  in  conformance  with  the 


0 
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specific  characteristics  of  the  stage,  including  the  technology  of  its  manufacture. 

2.  The  diameter  of  the  stage  is  the  same,  but  the  calculated  velocity  ratio 
x(fi  decreased.  In  this  case  the  efficiency  of  the  stage  will  drop,  the  cascade 
area  will  decrease  somewhat  (for  a  siibcritical  flow),  the  efficiency  of  the  whole 
turbine  will  be  lowered,  and  the  design  of  the  entire  turbine  will  be  considerably 
simplified,  i.e.,  the  number  of  stages  will  decrease,  the  steam  temperature  after 
the  regulating-  stage  will  be  lowered,  and  steam  leakage  through  the  front  end  seal 
will  simultaneously  decrease.  Therefore,  the  computed  value  of  and  the 
diameter  d  of  the  regulating  stage  (or  the  first  stage)  should  be  selected  with 
consideration  for  the  design  and  the  economy  of  the  turbine  on  the  whole.  If  it  is 
a  Question  of  a  turbine  with  steam  reheating,  then  the  selection  of  the  characteris¬ 
tics  of  the  regulating  stage  should  be  conducted  by  taking  into  account  the,  economy 
of  the  entire  unit,  bearing  in  mind  the  decrease  of  the  heat  input  in  the  reheat  for 
lowering  the  efficiency  of  the  high-pressure  portion. 

The^ Inf luence  of  the  Pressure  Ratic  e  on  Stage  Efficiency 

In  distinction  from  a  single-wheel  stage,  the  influence  of  e  on  the  efficiency 
of  a  velocity  stage  was  known  long  ago  and  has  been  noted  by  all  researchers, 
although  there  is  no  fundamental  difference  here,  of  course. 

The  influence  of  e  on  the  efficiency  of  a  velocity  stage  Is  caused  by.: 

a)  a  change  in  the  cascade  losses,  depending  upon  the  M  number.;  for  a  double- 
wheel  ’Otago,  as  already  noted  earlier,  a  decisive  role  in  economy  is  played  by 
the  losses  in  the  nozzle  cascade  and  the  first  moving  cascade;  the  dependence  of 
those  losses  on  the  M  number  also  determines  mainly  the  influence  of  e  on  stage 
efficiency; 

b)  a  change  in  the  reaction  of  the  stage  and,  due  to  this,  the  redistribution 
of  heat  drops  between  cascades  and  the  change  in  steam  leakages. 

Thus,  It  is  obvious  that  the  change  in  efficiency,  depending  upon  e;  will  be 
determined  by:  first,  the  selected  cascades;  secondly,  the  area  ratios  of  the 
cascades,  l.o.,  the  reactions;  thirdly,  the  relative  clearances.  For  a  KC-1A  stage 
with  dimensions  d  =  668  inm  and  =  25  mm,  Fig.  151  illustrates  the  results  of 
experiments  with  x^  =  0,3.  In  general,  the  dependence  nQi  =  f(e)  for  different 
u/c ^  con  have  an  absolutely  diverse  character.  Illustrations  of  this  are 
given  in  Fig.  149,  where,  according  to  MKI  experiments,  graphs  for  Vl  =  e) 

are  given  for  a  KC-1A  MKI  stage,  while  Fig .  151b  refers  to  an  LKZ  stage  No.  113.  In 
the  KC-1A  stage,  for  the  entire  range  of  Investigation  of  x  the  highest  efficiency 


corresponds  to  e  =  0,6;  both  a  decrease  of  it,  and 
also  an  increase  lead  to  a  decrease  in  economy. 

This  dependence  is  explained  by  the  fact  that, 
taking  into  account  the  reaction  for  a  pressure 
ratio  in  the,  stage  e  =  0.6,  the  condition  of  flow 
past  the  nozzle  cascade  and  the  first  moving 
cascade  remains  optimum  for  . all  value?  of  x^. 
Supersonic  velocities  in  the  nozzle  cascade,  just 
as  low  M"  numbers  increase  the  losses  in  it. 

In  stage  No.  113  the  characteristics  of  the 
cascades  are  different,  and  the  reaction  is  also 
different.  The-  nozzle,  cascade  of  this  stage,  in. 
distinction,  from  the  TC-2A  cascade  of  'the  KC-1A 
stage,  .which  has  its  minimum  of  losses  in  the 
zone  of  M  =  0.9,  is  the  most  economic  at  M  =  0.7. 
Therefore,  when  >  0.29,  the  highest  stage  ■ 
efficiency  is  attained  in  subsonic  conditions  of 
flow  (e  =  0.55  to  6.7).  A  lowering  of  e,  especially 
in  the  zone  of  supersonic  velocities,  leads  to 
a  decrease  in  economy.  VJith  small  x  ^  and  large 
e  in  the  stage  and,  in  particular,  in  the  first 

nozzles  ac i  ganged  and  milled. 

wheel,  there  appears  a  negative  reaction.  Since 
this  stage  is  equipped  with  old  profiles  that  are  sensitive  to  changes  in  conditions, 
the  negative  reaction  essentially  lowers  the  economy  and  the  efficiency  curve 
has  a  steeply  descending  character;  At  the  same  time,  wi*h  small  sv.  the  reaction 
will  be  greater,  and  positive  for  the  investigated  x^.  Therefore,  the  efficiency 
curve  for  small  e  has  a  sloping  character.  This  leads  to  the  fact  that  when  x^  > 

>  0.29  the  highest  efficiency  corresponds  to  the  value  of  e  =  0.55  to  0.7;  when 
0.23  <  x  ^  <  0.29/  it  corresponds  to  e  =  0.45  to  0,5,  and  when  x^  <  0.23,  the 

pressure  ratio  is  e  =  0,35  to  0.4. 

An  analysis  of  the  influence  of  e  on  the  economy  of  a  velocity  stage  can  be 
performed  with  the  help  of  the  aerodynamic  characteristics  of  the  cascades  and  the 
known  reaction.  As  the  calculations  show,  in  spite  of  the  indicated  difficulties, 
for  a  velocity  stage,  just  as  for  a  single-wheel  stage,  it  is  possible  to  calculate 
efficiency  not  only  depending  upon  x^,  but  also  for  various  e.  Such  a  calculated 
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Fig.  151.  Relative  internal 
efficiency,  q^,  depending 

upon  the,  pressure  ratio  e  = 
P.'j/Pq  (MEI  -experiments.) : 

a)< for  velocity  stage  KC-1A 
with  u/c^  e  0,3;  b)  for 

LKZ  velocity  stage  No.  113, 
d  =  653  mm,  l ±  =  15  mm,. 
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graph  for  tho  KC-GA  stage  is  shown  in  Fig. 

As  can  be  seen  from  the  graph,  for  the  given 
stage,  just  as  according  to  the  experiments,  the 
curves  for  i)0JJ  =  f(x  ^  )  intersect  when  e  =  const. 

The  Efficiency  of  a  Double-Wheel  Regulating 
Stage  with  Constant  SpelcT 

For  the  calculation  of  a  regulating  state 

it  is  necessary  to  know  its  characteristics  for 

a  constant  speed,  when  the  change  of  is 

connected  with  the  change  of  e.  Inasmuch  as, 

depending  upon  .the  steam  parameters  (practically 

on  the  Initial  temperature),  the  computed  value 

of  xj  can  correspond  to  different  e,  this 

stage  characteristic  will  correspond  not  only  to 

definite  geometric  parameters  of  the  stage,  but  also  to  definite  steam  parameters 

and  a  definite  speed.  This  dependence  can  be  obtained  by  two  methods:  by  testing 

the  stage  in  an  experimental  turbine  with  a  constant  speed,  and  by  means  of 

recalculating  tho  stage-  characteristics  obtained  in  the  experimental  turbine  for 

a  Variable  speed  and  constant  s.  It  is  natural  that  the  first  method  usually  is 

not  applied  for  investigation,  since  it  is  not  universal.  It  is  sometimes  used 

in  -plant  laboratories,  when  it  is  necessary  to  obtain  the  characteristics  of  a 

specific  full-scale  stage. 

Figure  155  shows  two  curves,  i.e.,  the  efficiency  of  an  LMZ  old-type  double- 
wheel  stage  according  to  the  results  of  test  with  n  =  J000  rpm  =  const  in  an  LMZ 
export mental  turbine  [!>0],  and  the  efficiency  cf  a  KC-1A  stage,  obtained  by 
re  calculation  from  MR I  experimental  curves. 
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Fig.  152.  Calculated  graph  of 
tiie  dependence  of  relative  blade 
efficiency,  of  a  KC-OA 

velocity  stage,  on  u/c  ^  and  e. 


Fig,  155.  Value  of  the  efficiency  of  a  double-wheel 
velocity  stage:  1  -  curve  of  stage  MEI  KC-1A,  obtained 
by  recalculating  the  experimental  curves  for  e  =  const, 
and  n  =  var  (MEI  experiments);  2  -  LMZ  experimental 
curve  for  an  old  stage  combination  with  n  =  J000  rpm  = 

=  const. 
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When  using  the  experimental  curves  obtained  for  n  =  var  and  &  =  const,  it 
should  be  recalled  that  the  optimum  value  of  x  ^  ,  and  also  the  highest  possible 
efficiency,  can  vary  after  recalculation  for  n  =  const. 


The  Influence  of  u/c  ^  and  e  on  the  Reaction  of  a  Stage 

The  reaction  -of  a  velocity  stage  is  composed  of  the  reactions  around  the  wheels 
Sp  =  +  pn  +  p2»  For  the  given  operating  conditions  of  a  stage,  the  ratio  of  the 

reactions  around  the  wheel  depends  mainly  on  the  cascade  area  ratios. 

When  x^  changes,  the  reaction  around  all  the  wheels  changes,  and  consequently 
the  total  reaction  also  changes.  As  demonstrated  by  numerous  experiments  with 
various  combinations  of  velocity  stages,  and  also  calculations,  the  reaction  in  the 
second  row  of  a  moving  cascade  almost  does  not  depend  on  x^.  The  reaction  in 
the  rotating  cascade  and:  in  the  first  moving  cascade  depends  on  x^  approximately 
linearly. 

These  facts  are  illustrated  by  graphs  for  three  different  combinations.  Figure 
154a  shows  experimental  graphs  for  an  NZL  AK-6  stage  at  e  >  £,  (NZL  experiments ) ; 
Figure  154b  illustrates  the  results  of  MEI  experiments  with  an  LKZ  stage  No.  115-  at 
£  =  0.35  (dot-dash  lines)  and  a  calculated  graph  2  (dotted  line)  for  an  MEI  KC-0A 
stage  at  e  =  0.45.  In  the  last  case  the  solid  lines  indicate  the  curves  of  the 
-reaction  without  taking  leakages  into  account,  and  the  dotted  lines  represent  with 
reaction  curves,  with  leakages  taken  into  account. 


a)  b) 

Fig.  154.  Curves  of  total  reaction  and  wheel  reaction  for  a  velocity  stage  with 
full  steam  input.:  a)  e  >  e*,  NZL  stage  AK-6  (NZL  experiments);  b)  1  e  = 

=>  0.35/  -LKZ  stage  No.  113  (MEI  experiments);  2  — - taking  into  account  leakages  In 

clearances  (calculation),  e  =  0.45,  MEI  stage  KC-OA;  3  -  the  same,  without  taking 

*r»tn  account  leakages  in  clearances  (calculation). 


The  total  reaction  also  varies  approximately  linearly,  depending  upon  the 
pressure  ratio  e,  whereby  the  greater  the  pressure  ratio  e,  the  smaller  the  reaction, 

which  is  clear  from  the  graph  in  Fig.  155>  where  curves 
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2p  are  given  for  an  LKZ  stage  No.  113  at  x^  =  °-35  and 
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=  0.1)5. 
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Fig.  155-  Total  re¬ 
action  of  No.  113  LKZ 
velocity  stage  with 
full  steam  input,  de¬ 
pending  upon  pressure 
ratio  e  (MSI  experi¬ 
ments  } . 


By  analogy  with  formula  (75)>  for  a  single-wheel  stage 
it  is  possible  to  derive  a  formula  for  calculating  the' 
change  of  the  total  reaction  of  a  velocity-  stage  (with  full 
input),  depending  upon  x^i  In  simplified  form,  this 


(148) 


formula  is  written  as 

A(2«)  =  0,45  *=£*-. 

The  graph  in  Fig.  156  illustrates  MEI  experiments 
with  five  stages  for  various  e,  which  indicate  that 
formula  (348)  Is  satisfactorily  confirmed  by  the  experiments. 

A-  simple  and  universal  formula  for  cal¬ 
culating  the  influence  of  e  on  p  cannot 
be  created,  since  this  influence  in  many 
respects  is  determined  by  the  aerodynamic 
characteristic  of  the  cascades.  However,  for 
a  preliminary  estimate  it  is  possible  to  use 
the  following  empirical  dependence: 


*p 


M>:p)  =*  0.45[(u/c^)/0,3  -  13  With 
MEI  experiments. 


A(2«).~0,8  *]]'!?.  (1H9) 

where  —  [mm], 

k  —  the  isentropic  exponent. 

Flow  Rate  Characteristics  of  a  Velocity  Stage 
For  the  calculation  of  a  stage,  in  parti¬ 
cular  in  varying  conditions  of  its  performance, 
it  is  necessary  to  know  the  steam  flow  rate. 

Of  particular  importance  is  to  know  exactly 
the  discharge  capacity  of  the  regulating  stage. 


If  for  an  intermediate  stage  an  error  in  the  determination  of  the  flow  rate  leads 
to  a  certain  redistribution  of  pressures  and  heat  drops  through  the  stages  and,  in 
the  final  result  because  of  this,  to  a  change  of  economy,  then  an  error  in  the 
do  termination  of  the  steam  flow  rate  through  the  first  stage  leads  to  the  same 
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(for  a  critical  flow)  or  almost  the  same  power  error  of  the  turbine,  if  the  flow 
rate  is  less  than  the  maximum  calculated  value. 

For  the  calculation  of  the  regulation  system  in  general,  it  is  impossible  to 
avoid  using  curves  for  the  change  of  the  steam  flow  rate  through  the  regulating 
stage,  depending  upon  the  operating  conditions  of  the  entire  turbine. 

As  also  for  a  single-wheel  stage,  for  the  determination  of  the  discharge  capacity 
Of  a  velocity  stage  it  is  possible  to  use  two  characteristics:  the  flow  rate 
coefficient  of  the  stage 

and  the  relative  flow  rate 


where  is  the  critical  flow  rate  through  the  nozzle  cascade. 

The  flow  rate  coefficient  of  a  stage  p„_  depends. on  the  total  reaction  of  the 
stage  and  the  flow  rate  coefficient  of  its  nozzle  cascade  p..  The  relative  flow 
rate,  furthermore,  depends  on-  the  pressure  ratio  of  the  stage  e. 

For  a  small  range  of  variation  of  the  dimensions  (heights )  of  the  nozzle 
cascade  of  a  velocity  stage,  the  flow  rate  coefficient  of  the  nozzles  p^  changes 
insignificantly,  from  O.96,  to  O.98.  The  reaction  of  -the  stage  Zp  depends  on  the 
area  ratio,  the  clearances  in  the  stage,  and  two  performance  parameters,  i.e.,  the 
velocity  ratio  x^  and  the  pressure  ratio  e.  Inasmuch  as  p^  also  depends  on  e,  the 
relative  flow  rate  is 

W  —  /  (e»  **)• 

Figure  157  gives  a  typical  graph  for  pq  =  f(e,  x^  ),  which  was  obtained  frem 
tests  of  an  LKZ  velocity  stage  in  an  MEI  experimental  steam  turbine.  Measurement 
of  the  steam  flow  rate  was  accomplished  by  weighing  the  condensed  steam. 

While  the  pressure  ratio  in  nozzle  cascade  amounts  to  =  Pj/Po  <  the 
steam  flow  rate  remains  practically  constant,  an  increase  of  e  leads  to  a  lowering 
of  the  flow  rate,  and  an  increase  of  x  with  given  e,  leads  to  an  increase 
of  the  reaction  and,  consequently,  to  a  growth  of  e^,  which  means  a  lowering  of  the 
steam  flow  rate. 

For  the  calculation  of  a  specific  stage  analogously  to  the  method  employed 
above  for  efficiency,  it  is  necessary  to  reconstruct  the  graph  for  pq  =  f(e,  x  ^  ) 
Into  such  a  dependence  pq  «®  f'(x  ^  )  with  n  =  const,  when  e  =  f"(x  ^  ).  An 
example  of  such  reconstruction  for  this  stage  is  shown  in  the  same  Figure  157. 
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Fig.  157.  Relative  steam  flow  rate  pq 
of  a  velocity  stage  in  an  MEI  experts 
mental  turbine  (with  full  steam  input 
and  h  =  var)  and  recalculation  of  ex¬ 
perimental  results  for  n  =  3000  rpm  = 

=  const.  Curves;  1  —  for  e  =  0.5, 
u/c^  =  0.24;  2  -  e  =  0.5;  u/c^,  = 

=  O.3O6. 


Curves  are  reconstructed  for  n  =  3000  rpm  = 
=■  const;  each  curve  for  given  e  corresponds 
to  its  own  x^,  i.e.,  to  a  different  . 

stage  diameter.  The  graph  shows  that  the 
use  of  the  results  of  experiments  with  a 
model  stage  for  each  specific  case  gives 
its  own  dependence  pq  =  f '  (x  ^  ). 

According  to  NZL  experiments  conducted 
with  an  MEI  KC-15  stage,  the  values  of 
the  flow  rate  coefficient  of  the  nozzle 
cascade  are  p^  ~  0.975. 


§  27.  THE  INFLUENCE  OF  GEOMETRIC  PARAM¬ 
ETERS  ON  THE  CHARACTERISTICS 
OF  A  STAGE 


Velocity  stages,  as  already  indicated 
in  §  25,  can  differ  by  the  types  of  cas¬ 
cades,  the  ratios  of.  their  dimensions,  the 
absolute  dimensions  of  the  cascades,  in 
the  first  place  the  nozzle  cascade,  and 
also  the  axial  and  radial  clearances. 


Of  large  value  is  the  shape  of  the  flow  area  in  the  meridional  plane  and  the 
technology  of  cascade  manufacture,  mainly  for  the  nozzle  cascade. 

The  selection  of  cascades  for  a  velocity  stage  has  certain  peculiarities. 

1.  Inasmuch  as  velocity  stages  are  applied  in  the  overwhelming  majority  of 
cases  for  low  volume  steam  admissions,  the  absolute  values  of  the  blade  heights 
are  low  and  the  end  losses  in  them  usually  are  considerable.  In  the  moving  and 
rotating  cascades  very  frequently,  for  the  sake  of  reliability  it  is  necessary  to 
increase  the  chords,  which  decreases  the  relative  heights  and  increases  the  end 
losses.  Therefore,  the  cascades  of  a  velocity  stage  must  be  selected  in  such  a 
way  as  to  lower  the  end  losses.  This  requires  special  profiling  of  the  cascades, 
in  particular  meridional  profiling  of  the  nozzle  cascade.  Since  the  influence  of 
the  technology  and  quality  of  cascade  manufacture  Increases  as  the  height  decrease, 
high  requirements  should  be  set  up  for  the  manufacture  of  velocity  stages.  In 
particular,  it  is  desirable  to  manufacture  not  welded,  but  gang-milled  nozzle 
cascades  with  straight  shrouds,  with  the  observance  of  density  between  separate 
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nozzle  segments.  Special  attention  should  he  given  to  the  joints  between  rotor 
blades,  where  there  are  frequently  rough  spots,  the  attachment  of  the  shroud  to  the 
blade  casing  along  the  entire  length,  and  the  proper  design  of  both  the  trailing 
and  leading  edges.  Even  hand  finishing  of  a  low-quality  velocity  stage  can  noticeably 
increase  its  economy. 

2.  The  application  of  blares  of  low  height  and  large  diameters  of  velocity 
stages  (i.e.,  with  high  ratio  d /l)  excludes  the  necessity  of  special  blade  twisting.* 

3.  Usually  velocity  stages  operate  in  a  wide  range  of  variation  of  conditions, 
whereby  both  the  velocity  ratio  and  the  pressure  ratio  change.  In  connection  with 
this,  the  discharge  velocities  change  in  the  nozzle  cascade,  the  first  moving 
cascade  and,  to  a  smaller  degree,  in  the  rotating  cascade  due  to  the  change  of  e, 
the  ratio  also  changes.  Therefore,  the  cascades  of  velocity  stages  must  be  able 

to  resist  changes  of  the  M  number.  Both  the  moving  and  the  rotating  cascades  are 
streamlined  by  steam  with  considerable  deviations  of  the  entrance  angle  from  the 
calculated  value.  This  naturally  requires  the  selection  of  cascades  that  are  not 
very  sensitive  to  changes  of  the  entrance  angle.  Thus,,  for  instance,  in  the  KC-OA 
velocity  stage,  with  a  change  of  x^  from  0.2  to  O.35  (comparatively  small  change 
of  x  ^  )  and  e  from  0.7  to  0.45,  the  angle  of  entrance  to  the  first  moving  cascade 
changes  from  15-7°  to  24.4°,  the  angle  of  entrance  to  the  rotating  cascade 
«2  varies  from  22.5°  to  390,  and  the  angle  of  entrance  to  the  second  moving  cascade 
P|  varies  from  380  to  92°.  Figure  150b  shows  a  calculated  graph  of  the  change 
angles  for  this  stage,  depending  upon  x^  (at  e  =0.55=  const). 

4.  Many  velocity  stages  are  designed  on  large  heat  drops  which  correspond  to 
near-critical  and  even  supercritical  velocities.  An  even  greater  number  of  velocity 
stages,  which  operate  in  design  conditions  with  relatively  low  velocities,  attain 
supersonic  drops  when  the  conditions  are  changed.  In  certain  stages,  even  relative 
velocities  of  steam  entrance  to  the  first  moving  cascade,  Wj ,  can  exceed  critical 
values . 

As  it  is  known,  many  old  turbine  cascades,  including  those  applied  earlier  in 
velocity  stages,  do  not  correspond  to  the  above-indicated  requirements.  This  was 
one  of  the  main  causes  of  low  efficiency  of  the  old  velocity  stages. 

"With  the  exception  of  certain  special  cases  in  gas-turbine  construction. 
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The  LMZ  laboratory  Investigated  an  old-type  LMZ  double-wheel  velocity  stage, 
which  was  employed  earlier  in  a  series  of  high-pressure  turbines,  and  ah  MEI 
KC-1A  stage  with  the  same  basic  dimensions.  The  efficiency  gain  obtained  in  this 
case  upon  transition  to  a  new  stage  is  explained  by  many  reasons.  However,  the 
main  factor  that  ensures  an  increase  in  efficiency  is  the  application  of  aerodynam- 
ically  improved  cascades  that  are  adapted  to  the  specific  operating  conditions  of 
a  double-wheel  stage. 


Of  interest  from  this  point  of  view  are  the  experiments  that  were  conducted 
by  V.  D.  Pshenichny  at  the  LKZ  laboratory  with  a  KC-1B  MEI  stage  having  a  diameter  of 
700  mm  and  nozzle  height  17.3  mm.  When  the  MEI  TC-2B  nozzle  cascade  was  replaced  by 
an  C-l  TsNII  cascade,  which  is  also  specially  profiled  and  has  approximately  the 
same  profile  losses  under  design  conditions  as  the  TC-2B,  then,  in  spite  of  a 
certain  increase  in  relative  height  (i1/b1  =  O.32,  instead  of  0.>0),  the  stage 
efficiency  was  lowered  by  Atj/tj  =  1.5  to  2.3$.  Actually,  the  C-l  cascade  has  an 
effective  angle  1.3°  less  than  that  of  the  TC-2B,  but  such  a  small  difference  in 
angles,  of  course,  cannot  play  any  essential  role  in  the  change  of  the  angle  of 
leakage  in  the  first  moving  cascade  which,  moreover,  was  specially  profiled  for 
stable  performance  at  various  angles  0^.. 

The  basic  causes  of  the  difference  in  efficiency  of  these  two  stages  are: 

1)  the  end  losses;  the  TC-2E  cascade,  which  is  profiled  for  low  heights,  has 
an  increased  relative  pitch;  for  the  investigated  cascade  dimensions,  the  end 
losses  amount  to  2.8$,  whereas  for  the  C-l  cascade  they  are  equal  to  4.4$; 

2)  the  TC-2B  cascade  is  intended  for  operation  with  transonic  velocities. 

Figure  158  shows  the  difference  in 


An/u 


Fig.  158.  Increase  of  economy  of  a 
C1-1E  stage  with  an  MEI  TC-2B  cascade 
as  compared  to  a  stage  with  an  C-l 
cascade:  nozzle  cascades  are  ganged 
and  milled,  d  =  700  mm,  l ^  =  17.3  mm, 

s  =  0,465  -  0.48,  full  steam  input 
(LKZ  experiments). 


economy,  Atjo1/ij0^,  of  these  two  stages  . 
according  to  LKZ  experiments.  In  the 
entire  investigated  range  of  u/c  ^  for 
a  stage  with  a  TC-2B  nozzle  cascade,  the 
MEI  KC-1B  combination  was  more  economical. 

If  we  consider  that  the  main  difference 
in  the  economy  of  cascades  is  explained  by 
the  end  losses,  i.e.. 


Afj  —  4,4  —  2,8  «=  1,6  %, 
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then  Tor  velocity  stacks  with  optimum  x^ 

At^  =  —0,9Atc=  —1,45  fi  and  -^-^2  %. 

AC  tor  an  aimlysis  of  the  graph  of  comparison  of  the  cconony  of  these  stag's 
(Fig.  158)/  i-t  is  clear  that  for  all  investigated  values  of  x~.  the  cascade 
combination  of  stage  KC-1B  has  a  higher  efficiency.  As  x^  increases,  the  * 

difference  in  efficiency  decreases.  This  is  explained  by  the  fact  that  in  the  KC-1B 
stage,  because  of  the  large  area  of  the  noz2le  cascade,  the  reaction  of  the  stage 
is  somewhat  higher.  As  x^  increases,  the  reaction  of  the  stage  increases,  and 
the  losses  due  to  steam  leakages  become  noticeable.  At  small  x^,  a  decisive 
influence  on  the  economy  of  the  stage  is  rendered  by  the  losses  with  the  outlet 
velocity. 


The  Effect  of  Cascade  Height 

An  increase  of  the  absolute  height  of  a  cascade,  all  other  quantities  being 
constant,  has  a  favorable  effect  on  the  economy  of  a  stage.  An  increase  of  l^, 
leads  to  a  decrease  of  the  end  losses  in  the  cascades  and  to  a  lowering  of  parasitic 
steam  leakages,  and  also  to  a  lowering  of  the  losses  connected  with  overlaps, 
inaccuracy  of  manufacture,  and  so  forth. 

For  low  cascade  heights,  special  measures  for  decreasing  the  end  losses  should 
be  applied,  e.g.: 

±.  A  decrease  of  profile  chord  and  a  corresponding  increase  of  relative 

cascade  height.  The  influence  of  a  number  of  factors,  which- were  discussed  above 

« 

in  §  22,  should  be  considered  here.  A  decrease  of  profile  chord  lowers  the  Reynolds 
number.  For  velocity  stages,  as  a  rule,  the  Re  numbers  lie  in  a  self-similar 
region.;  therefore,  the  influence  of  this  factor  can  usually  be  disregarded.  As  the 
profile  chord  decreases,  the  relative  surface  roughness  increases.  Independently 
of  the  profile  chord,  the  conditions  of  technology  and  strength  necessitate  the 
manufacture  of  profiles  with  a  definite  magnitude  of  the  trailing  edge.  A  decrease 
of  chord  in  this  instance  leads  to  an  increase  of  edge  losses.  Hence  there  appears 
the  concept  of  optimum  cascade  chord,  which  was  considered  in  Chapter  II,  where  thf> 
losses  connected  with  double  curvature  have  a  defined,  but  almost  uninvestigated 
value . 

2.  Meridional  profiling  of  the  nozzle  cascade, 

5.  Moving  cascades  specially  profiled  for  lowering  the  end  leases,  in 
particular  the  K-typc  cascades. 
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4-  Good  sealing  of  stage  clearances. 

The  effect  of  cascade  height  on  the  efficiency  of  a  double-wheel  stage 
•ss>ntially  depends  on  the  technology  of  manufacture;  in  particular,  with  the  use 
of  welded  nozzle  cascades,  the  influence  of  is  considerably  larger  than  with 
ganged  and  milled  nozzles.  This  is  explained  by  the  rougher  manufacture  of  the  end 
walls,  the  additional  losses  in  the  welding  spots,  and  the  losses  in  the  root 
section  due  to  double  curvature.  Below,  Fig.  308  gives  the  dependences  of  the 
<-fficiency  of  MSI  velocity  stages  for  various  heights  of  nozzle  cascades  with  a 
welded  diaphragm.  It  should  be  pointed  out  that  with  a  large  height,  the  optimum 
value  of  the  velocity  ratio  is  somewhat  larger,  especially  if  curves  of  the 

relative  internal  efficiency  t)oi  are  being  compared. 

If  a  stage  has  meridional  profiling  of  the  nozzle  cascade  with  one-way 
contraction,  as  shown  in  Fig.  147b,  the  efficiency  of  the  stage  increases. 


The  LKZ  laboratory  conducted  comparative  experiments  with  a  KC-1B  stage  for 
two  variants:  one  of  usual  design  and  one  with  meridional  profiling  of  the  nozzles 
and  the  moving  cascade  of  the  first  row  of  type  K.,  The  flow  .area  of  the  stage 
was  represented  in  Fig.  147a.  Both  stages  had  ganged  and  milled  nozzles. 

The  results  of  the  experiments  are  shown  in  Fig.  159.  As  can  be  seen  from  the 
graph,  in  transonic  conditions  the  second  stage  variant  gave  a  gain  of  1.2$.  With 

larger,  supercritical  drops,  this  gain  increased 


U 


Fig.  159.  The  efficiency 
of  a  velocity  stage,  ijQi, 

for  a  KC-1I)  stage,  d  -- 
700  mm,  l ^  =  17.5  mm, 

nozzles  are  ganged  and 
milled  (with  full  steam 
Input  and  pressure  ratio 
in  stage  r.  &  0,5):  1  — 

usual  stage  design;  2  — 
stage  with  meridional  pro¬ 
filing  of  nozzle  cascade 
and  moving  cascade  of 
first  wheel,  type  K. 


(this  is  mainly  connected  with  the  fact  that 
meridional  profiling  in  the  first  place  improves  the 
flow  process  in  the  slanting  shear  of  the  cascade, 
where,  at  supersonic  velocities,  a  large  part  of 
losses  is  concentrated)  to  1.6$.  Inasmuch  as  upon 
transition  to  meridional  profiling  the  outlet  area 
of  the  nozzle  cascade  was  increased,  a  recalculation 
should  be  made  for  an  identical  area  F^.  This  recal¬ 
culation,  naturally,  will  somewhat  lower  the  gain, 
reducing  it  to  approximately  0.8  and  1.2$.  It  should 
be  indicated  that  when  welded  nozzles  are  employed, 
where  the  influence  of  end  losses  is  greater,  the 
application  of  these  special  measures  for  increasing 


efficiency  will  give  a  considerably  larger  gain. 


U 
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Figure  ±60  gives  a  graph  of  the  dependence  of  the  difference  in  relative 
internal  efficiency  of  an  ME I  velocity  stage  ( type  KC-OA ,  KC-1A ,  and  KC-1E )  upon 


! '  ! 


If  70  is- 


Fig.  l6o.  Gain  in  economy 
for  velocity  stage  upon 
transition  to  meridional 
profiling  and  moving  cas¬ 
cades  of  first  wheel,  type 
K  (for  welded  diaphragm). 


transition  to  meridional  profiling  and  type  K  moving 
cascades  of  the  first  wheel.  A  comparison  is  per¬ 
formed  for  full  steam  input  at  x*  e  =  0.6, 

<PonT 

and  identical  d  and  F., ;  b^  ~  A5  mm. 

The  influence  of  the  technology  of  manufacture 
for  stages  with  short  blades  is  extraordinarily  great. 
This  is  clearly  illustrated  by  the  graph  in  Fig. 

±6i.  Illustrated  there  are  the  experimental  curves 
of  i)0£  for  a  KC-1B  stage  with-  a  diameter  of  705  mm. 


height  of  nozzle  cascade  15  min,  and  with  a  welded  diaphragm,  according  to  tests 
in  an  NZL  experimental  steam  turbine,  and  for  the  same  stage  with  a  diameter  of 
700  mm,  nozzle  height  17.3  mm,  and  with  ganged  and  milled  nozzles,  according  to  tests 
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Fig.  l6l.  Investigation  of 
KC-1B  velocity  stage  with 
full  steam  inpu  -  .  d  =  700  mm: 

1  —  stage  wit*  welled  dia¬ 
phragm,  =  15  mm  (NZL 

experiments);  2  —  stage  with 
ganged  and  milled  nozzle,  = 

=  17.3  mm  (LKZ  experiments); 

3  -  recalculation  of  LKZ 
experiments  for  height  l.  = 

«  ±5  mm. 


in  an  LKZ  experimental  steam  turbine.  The  LKZ 
data  are  recalculated  here  for  a  nozzle  height 
of  =  15  mm.  Although,  of  course,  the  experiments 
conducted,  in  different  turbines  and  with  somewhat 
different  experimental  methods  do  not  make  it 
possible  to  perform  an  exact  comparison,  a  rough 
estimate  can  be  made,  however.  It  shows  that  the 
influence  of  the  technology  and  quality  of 
manufacture  also  essentially  gives  a  difference 
in  efficiency  of  approximately  1.5-2#  in  this  case. 


The  Influence  of  Stage  Diameter 
The  influence  of  the  diameter  of  a  stage  should 
be  considered  for  constant  height  and  other 
geometric  parameters.  The  diameter  influences  the 
economy  of  a  velocity  stage  for  the  following 


reasons : 


1.  A  change  of  d/l  with  an  increase  of  the  diameter  leads  to  a  lowering  of 
losses  due  to  flare.  Inasmuch  as  the  cascade  heights  are  low  in  velocity  stages, 
the  change  of  d/Z  has  a  very  insignificant  effect. 

2.  A  change  of  stage  clearances  and  the  overlaps.  An  increase  of  the  diameter 
of  a  stage  correspondingly  requires  an  increase  of  the  clearances  and  overlaps  which, 
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With  constant  increases  the  losses.  This  factor  Is  usually  considered 
separately,  independently  of  diameter. 

5.  A  decrease  of  diameter  brings  about  a  greater  influence  of  double  curvafure, 
which  is  especially  noticeable  for  low  blade  heights.  This  is  the  main  cause  of 
the  dependence  of  stage  efficiency  on  diameter. 

The  influence  of  diameter  on  stage  efficiency  has  been  noted  by  many  researchers. 
However,  it  is  very  difficult  to  set  experiments  with  stages  that  differ  only 


as  as  oj  oj  os  ** 

Fig.  162.  Correction  of 
efficiency  depending  on 
diameter  for  an  old  cascade 
combination  of  a  velocity 
stage  intended  for  high- 
power  turbines  (firm's 
data). 


by  one  diameter.  For  old  cascade  combinations  we 
have  a  firm's  curve  which  is  shown  in  Fig.  162;  this 
curve  makes  it  possible  to  estimate  the  influence  of 
diameter.  The  influence  of  diameter  is  inseparably 
connected  with  cascade  height.  The  lower  the  height, 
the  greater  the  influence  of  the  diameter.  This 
circumstance  is  not  considered  by  the  graph  in 
Fig.  162.  Below,  in  §  ^8,  where  generalized  curves 
are  given  for  calculation  of  velocity  stages,  a 


graph  is  presented;  this  graph  permits  us  to  estimate  the  dependence  of  efficiency 
on  diameter  at  various  heights  for  contemporary  velocity  stages. 

The  Influence  of  -Area  Ratio 


The  area  ratio  of  the  cascades  of  a  velocity  stage  renders  an  influence  on  the 
total  reaction  of  the  stage,  the  reaction  on  the  wheel,  and  consequently,  on  the 
distribution  of  heat  drops  between  cascades,  the  entrance  and  exit  velocities,  the 
entrance  angles,  and  losses  due  to  sx,eam  leakages.  Table  1?  gives  the  results  of  ■ 
an  investigation  of  four  KC-1A  velocity  stages  having  the  same  cascades  and  different 
are*  ratio.  The  table  characterizes  the  reaction  on  the  wheels  with  full  steam  input 
and  under  the  same  conditions,  x^  -  0.J0  and  s  =  0.6. 


Tabic  15.  Results  of  Investigations  of  Four  Stages 
with  Identical  Cascades  and  Different  Area  Ratio 


0,07  0,08  0,0C  0,21 


1,52  2,39  3,10  0,03  0,08  0,05  0.16 


0,08  0,03  0,05 


,56  2,73  4,17  .  0.02  0,06  0,02  0,10 


As  should  have  been  expected,  an  increase  of  the  opening  in  the  moving  and 

rotating  cascades  led  to  a  decrease  of  the  reaction.  Besides  the  change  of  the 

conditions  of  flow  in  all  four  cascades,  the  increase  of  the  flow  area  of  the 

second  moving  cascade  in  stage  KC-1A-3  caused  a  corresponding  decrease  of  the  outlet 

velocity.  Thus,  in  stage  No.  3,  as  compared  to  stage  No.  1  the  relative  area  of 

the  rotor  blades  of  the  second  wheel  increased  by  13Jb,  and  the  losses  with  the 

outlet  velocity  decreased  by  28$.  During  operation  of  a  stage  with  optimum  u/c. 

o 

ratios,  such  a  decrease  of  losses  with  the  outlet  velocity  hardly  affects  efficiency. 
However,  in  certain  conditions  it  c?n  be  sensitive. 

Investigations  of  the  optimum  characteristics  of  a  velocity  stage  were 

conducted  at  MEI  by  an  interesting  method  developed  by  V.  I.  Abramov  in  which  a 

double-wheel  velocity  stage  and  its  first  wheel  (nozzle  and  first  moving  cascade) 

were  tested  separately.  As  a  result  of  this  investigation,  the  obtained  data  on 

type  A  velocity  stages,  which  are  presented-  in  Table  13,  are  the  most  expeuient  in 

model  KC-1A-2.  Usually  the  optimum  area  ratio  is  F^  /F^  ***  1  Jf8  to  1.56. 

P 

In  stages  with  identical  cascades,  but  with  different  area  ratios,  not  only 
the  reactions  will  be  different,  but  also  the  efficiencies,  the  optimum  conditions 
(x^  and  e),  and  the  stability  of  efficiency  upon  deviation  of  the  investigated 
conditions  from  the  calculated  conditions.  Consequently,  it  is  possible  to  affirm 
that  there  exist  optimum  area  ratios.  Moreover,  for  the  same  cascade  combination 
there  can  be  different  optimum  area  ratios  depending  on  the  calculated  conditions, 
the  size  of  the  clearances,  and  the  requirements  from  the  point  of  view  of  variable 
conditions. 

For  a  stage  with  full  steam  Input,  when  selecting  cascades  to  operate  stably 
in  a  wide  range  of  variation  of  velocities  and  entrance  angles,  with  good  stage 
sealing,  when  the  losses  due  to  leakages  are  small,  small  deviations  in  the  values 
of  optimum  relative  areas  do  not  lead  to  a  noticeable  lowering  in  efficiency  of  a 
velocity  stage.  The  recommended  area  ratios  are  given  in  Table  12.  If  the 
operating  conditions  of  a  velocity  stage  are  essentially  different  than  the 
recommended  optimum  ones,  it  is  possible  to  calculate  the  change  of  efficiency, 
basing  it  on  the  method  used  in  §  11  and,  if  necessary,  the  stage  should  be 
redesigned  for  these  conditions. 

For  the  case  of  partial  steam  input,  the  influence  of  the  area  ratio  is 
considered  in  the  following  chapter. 


The  Influence  of  Clearances  on  the  Performance  of  a  Velocity  Stage 

In  principle,  the  influence  of  clearances  on  the  performance  of  ti  velocity 
stage-  does  not  differ  from  that  of  single-wheel  stages.  A  new  and  essentially 
complicated  investigation  and  calculation  is  that  of  steam  suction  over  the  blade 
shroud  of  the  first  wheel  in  a  rotating  cascade,  and  the  steam  suction,  in  addition 
to  this  cascade,  in  the  second  moving  cascade. 

For  negative  reactions,  the  picture  of  steam  leakages  is  also  complicated. 

However,  in  spite  of  the  indicated  difference,  the  general  conclusions 
concerning  the  influence  of  clearances  on  the  efficiency  and  stability  of  operation 
of  a  stage  remain  the  same: 

1.  Selection  of  closed  axial  clearances.  Just  as  for  a  single-wheel  stage, 
rt  produced  with  the  cascade  height,,  overlap,  and  other  factors  taken  into  account 
(see  §  22). 

2.  In  all  cases,  a  decrease  of  the  radial  clearances  has  a  favorable  effect 
oni the  magnitude  and  stability  of  efficiency. 

5,.  The  open  axial  clearances  should  be  minimum.  With  sealing  above  the 
shroud,  the  open  clearances  should  be  decreased  if  they  can  be  made  of  one  order, 
of  less  than  the  radial  shroud  clearances  of  this  cascade. 

J(,  An  especially  great  influence  of  clearances  takes  place  when  the  reaction 
is  high  (calculated  according  to  the  absolute  value  of  F/F., ,  i.e.,  without  taking 
leakage  Into  account). 

When  all  cascades  are  sealed,  special  attention  should  be  given  to 
decreasing  the  clearances  and  steam  leakages  in  the  first  wheel.  The  least 
influence  on  the  economy  of  a  velocity  stage  is  rendered  by  the  steam  leakage  over 
the  shroud  of  the  moving  cascade  of  the  second  wheel.  The  unloading  of  the  casing 
of  a  rotating  cascade  without  special  seals,  which  is  employed,  in  some  designs, 
can  noticeably  lower  the  efficiency  of  the  stage. 

The  calculation  of  the  change  of  efficiency  of  a  double-wheel  velocity  stage, 
depending  upon  the  sealing  and  the  size  of  the  clearances,  is  quite  difficult  and 
not  universal.  Certain  data  on  the  influence  of  clearances  on  the  performance  of 
a  double-wheel  stage  are  presented  below. 

According  to  one  firm's  data,  for  old  cascade  combinations  of  double-wheel 
stages  with  an  average  area  ratio  (see  Table  10)  the  stage  efficiency,  depending 
upon  Uio  radial  seal  and  the  size  of  the  open  axial  clearance,  is  shown  in  Fig.  153. 
As  can  be  r<*o n  from  the  graph,  the  difference  in  the  economy  of  the  stage  with  on 
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axial  clearance  of  1  imn  and  a  radial  seal  with  a  clearance  of  0.5  nan,  and  in  the 

case  of  a  stage  without  radial  sealing  rings 


Fig.  165.  Influence  of  radial 
sealing  and  open  axial  clearance 
on  the  efficiency  of  a  double¬ 
wheel  velocity  stage :  - 

without  radial  sealing  rings; 

-  with  radial  shroud  seals 

and  radial  clearance  1  mm. 


with  an  axial  clearance  of  2  mm,  amounts  to  more 
than  3*5$.  The  influence  of  clearances  is 
different,  depending  upon  the  conditions,  i.e., 
the  velocity  ratio  u/c^  and  the  pressure 
ratio  e.  For  a  normal  velocity  ratio,  the 
difference  in  the  efficiency  of  a  stage  with 


sealing  and  without  it  is  usually  greater  than 
for  low  values  of  u/c^. 

For  another  velocity  stage,  experiments 


were  conducted  with  variation  of  an  open  axial 
clearance  (no  radial  seals)  from  0.5  to  i.65  mm 
with  the  same  velocity  ratio  =  0.26,  and 

different  pressure  ratios,  e  =  0.6l  and  e  =  O.32. 
In  first  case,  an  increase  of  the  clearance  caused 


a  lowering  in  efficiency  by  1$;  in  the  second  case  a  1.7$  decrease.  These  data 


once  again  emphasize  that  the  influence  of  clearances  depends  on  the  reaction  on 
the  wheels  under  the  considered  conditions. 


Experiments  were  conducted  in  an  MEI  experimental  turbine  for  studying  the 
influence  of  a  clearance  between  the  nozzle  and  moving  cascade  of  the  first  wheel. 


Fig.  16*1.  Influence  of  the 
full  axial  clearance  of  the 
first  wheel  of  a  velocity 
stage  with  full  steam  input 
on  efficiency  r)oi  (d  =  0.653  m, 

l ^  «  J5  nun,  a  ~  0.6  MEI  experi¬ 
ments):  —  o  —  O  —  O  —  with  ra¬ 
dial  sealing  rings;  —  A  —  A  —  A 
-  without  radial  sealing  rings. 


In  this  case  there  was  a  simultaneous  change  of 
both  the  full  axial  clearance,  and  also  the  open 
peripheral  one.  The  remaining  clearances,  both 
axial  and  radial,  remained  constant.  There  was 
no  steam  leakage  in  the  root  axial  clearance  of 
the  first  wheel.  A  test  was  performed  with  an 
LKZ  velocity  s‘age  No.  ii3  with  milled  and  ganged 
nozzles.  The  results  of  this  investigation,  e  = 

=  0.6,  are  shown  in  Fig.  16H  ana  165.  With  a 
change  of  the  full  axial  clearance  (the  clearance 
between  the  trailing  edges  of  the  nozzle  blades 
and  the  trailing  edges  of  the  first  moving  cascade ) 
from  3-°  to  6,0  mm,  the  stage  efficiency  essentially 
changes.  Since  the  minimum  size  of  the  open 
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peripheral  clearance,  0.6  mm,  is  commensurable  with  the  size  of  the  radial  clearances, 
an  increase  of  the  axial  clearance  caused  additional  steam  leakage,  which  may  be 
noted  during  the  analysis  of  curves  of  the  relative  flow  rate  (Fig.  165).  Therefore, 

the  first  increase  of  the  clearance  led  to  a 
noticeable  lowering  of  economy  (when  x^  = 

=  0.28,  the  stage  efficiency  dropped  by 
1.9#),  and  a  decrease  of  the  reaction  due  to 
the  large  leakage,  which  means  an  increase 
of  the  flow  rate;  a  further  increase  of  the  . 
axial  clearance,  when  the  open  clearance  was 

Fig..  165.  Influence  of  the  full 

axial  clearance  of  the  first  a  little  larger  the  radial  one  and  practically 

wheel  of  a  stage  on  the  relative 

steam  flow  rate  (MEI  experiments).  did  not  affect  leakage,  the  reaction  did  not 
change,  and  consequently,  the  steam  flow  rate  also  remained  the  same.  The  change 
of  efficiency,  with  the  same  increase  of  the  clearance  by  1.5  mm,  amounts  to 
0.6 %,  which  is  connected  with  the  additional  mixing  of  flow  behind  the  nozzles, 
and  also  with  the  greater  influence  of  the  overlap. 
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CHAPTER  VI 

STAGES  WITH  PARTIAL  INPUT  AND  SUPERSONIC  STAGES 

§  28.  THE  INFLUENCE  OF  PARTIAL  INPUT  ON  THE  PERFORMANCE  OF  A 

SINGLE-WHEEL  STAGE 

In  steam  turbines,  and  sometimes  also  ih  low-power  gas  turbines,  there  are 
stages  with  such  small  cross  sections  that  it  is  impossible  to  avoid  partial  input. 

The  regulating  stages  of  steam  turbines  are  always  constructed  with  partial  steam 
Input. 

The  introduction  of  partial  admission  to  a  considerable  extent  disturbs  the 
above-considered  procedure  for  the  calculation  and  design  of  stages.  Problems 
arise  in  the  selection  of  the  area  ratio  of  nozzle  and  moving  cascades.  This  area 
ratio,  Fg/F^,  under  given  conditions,  determines  such  an  important  stage  characteristic 
as  the  degree  of  reaction.  Fg/F^  usua^y  calculated  as  for  full  input: 

F,  _  (150) 

F,  d|/|Sina,*’ 

i.e,,  assuming  that  in  the  moving  cascade  the  steam  passes  along  the  same  arc  as  in 
nozzle  cascade.  However,  calculation  and  experiments  point  out  the  increase  of  the 
arc  of  the  moving  cascade,  eg,  as  compared  to  the  input  arc  in  the  nozzle  cascade,  e^: 

et>ev 

Therefore,  the  calculation  of  a  stage  with  partial  input  must  include  a  conditional 
quantity 

(  Ft\  _  djfjsinjWf ,  fiqi'i 

\F,  sina„^r  1 

\  ) 
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However,  when  determining  the  reaction  of  a  stage,  it  is  insufficient  to  use 
this  quantity  (Fg/F.^;  it  is  necessary  to  also  consider  the  increase  of  leakages- 
which  is  inevitable  with  partial  input,  and  consequently,  also  the  decrease  of  the 
absolute  value  of  the  reaction. 

Thus,  when  selecting  the  cascade  dimensions  of  a  stage  with  partial  input,  the 
ratio  Fg/F.,  should  be  used;  this  is  the  ratio  recommended  in  Chapter  IV.  It  is 
also  necessary  to  substitute  the  values  of  (F^/F^Jg. 

The  ratio  eg/e^  can  be  found  by  the  following,  rough  estimating,  formula: 


•l 


(152) 


Taking  into  account  the  increase  of  leakages  in  a  -partial  stage,  the  calculated 
reaction  of  the  stage,  which  is  calculated  with  respect  to  (Fg/F^ )g  without  taking 
into  account  all  leakages,  should  be  selected  on  the  mid-diameter:  approximately, 
p  =  3-8#-  A  higher  value  of  the  calculated  pCp  will  .lead  to,  a  noticeable 
increase  of  leakage,  and  thereby  to  a  lowering  of  economy;  a  lower  value  of  p 

cp 

may  cause  steam  suction,  and  thereby  cause  a  fufther  decrease  in  efficiency.  The 

selection  of  the  calculated  value  of  p  depends  on  the  stage's  design.  For  an 

cp 

intermediate  stage,  where  there  almost  always  takes  place  suction  in  the  moving 
cascade  through  the  root  clearance,  a  smaller  value  of  oCp  (and  consequently,  pR  ) 
should  be  selected  than  for  a  regulating  stage,  where  through  this  same  clearance  „ 
there  occurs  steam  leakage. 

When  there  are  large  full  axial  clearances,  it  is  necessary  to  select  smaller 
reactions,  since  an  increase  of  p  with  partial  steam  input  increases  the  leakage. 

It  should  be  emphasized  that  for  a  stage  with  partial  steam  input,  the 
selection  of  the  area  ratio,  and  consequently  also  the  determination  of  the  calculated 
reaction,  has  a  larger  value  than  for  a  stage  with  full  input.  This  has  been 
confirmed  by  many  experimenters.  Furthermore,  Fg/F^  must  be  selected  with  the  change 
of  the  reaction  and  the  efficiency  in  the  whole  range  of  operating  conditions 
taken  Into  account. 

The  second  problem  that  arises  with  partial  input  is  the  determination  of  the 
stage's  economy.  Upon  transition  from  full  to  partial  steam  input,  the  following 
additional  losses  appear: 

a)  windage  losses,  i.e.,  due  to  pumping  of  unused  steam  from  one  chamber  into 
another; * 


"Reference  [Jl8]  proposes  that  this  loss  occurs  due  to  increased  friction  of  the 
"rough"  edges  of  the  end  surfaces  of  the  rotor  blades. 


(  ) 
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To)  run-outs  (end)  connected  with  the  so-called  run-out  of  stagnant  steam 
(possessing  low  kinetic  energy)  from  the  extreme  channels  of  a  moving  cascade. 

c)  connected  with  a  noticeable  increase  of  parasitic  steam  leakages  in  a  partial 
stage;  additional  steam  leakage  occurs  through  the  meridional  clearances  between 
cascades;  a  .targe  role  is  performed  in  these  losses  by  steam  suction  through  this 
clearance  into  the  extreme  channel  of  a  moving  cascade,  which  essentially  lowers 
effectiveness  of  the  flow  in  this  channel; 

d)  due  to  wash-out  of  the  stream  proceeding  from  a  nozzle  cascade  with  partial 
steam  input,  and  because  of  additional  leakages,  the  reaction  of  the  stage  noticeably 
drops;  in  this  case,  naturally,  the  effectiveness  of  the  stage  also  changes;  a 
change  of  the  stage's  reaction  itself  can  lead  to  a  change  of  efficiency; 

e)  in  the  staam  flow  proceeding  from  the  extreme  channels  of  a  nozzle  cascade, 
independently  of  run-out  and  leakages,  it  is  less  effective  than  the  steam  flow 
proceeding  from,  the  middle  channels; 

f)  with  partial  input,  the  stage's  reaction  along  the  input  arc  will  be 


different,  which  lowers  the  economy  of  the  stage. 

This  by  far  is  not  a  full  list  of  the  ohary.es  occurring  in  the  process  of 
steam  flow  in  a  stage  with  the  introduction  of  partial  input. 


ff.ff  Q.f  f.f 


0-f  0-0  g-f 


g-c  g.g 

Fig.  166.  Stage  designs  (for 
detei’mlning  windage  losses). 


It  is  obvious  that  the  classification  of 
all  the  above-mentioned  losses  is  practically 
impossible  not  only  because  it  requires 


0  .  0.1  l/def  0  0.1  l/dc, 

Fig.  167.  The  determination  of  windage 
losses  and  the  coefficient  Cq  (case  a  -  a 

was  Investigated  for  s/l  =  0,02). 


complicated,  detailed  and  tedious  experimenting  on  static  and  revolving  installations 
but  also  because  the  above-mentioned  factors  are  interconnected. 


First  we  shall  discuss  a  simpler  case,  when  all  nozzle  channels  are  united  into 


one  group.  For  computing  the  losses  in  this  case,  the  majority  of  researchers 
limit  themselves  to  the  first  component  of  these  losses,  i.e.,  the  so-called 
windage  losses.  This  method  is  tempting  since  it  permits  us  quite  easily  to  conduct 
investigations  with  rotation  of  disk  blading.  However,  as  confirmed  by  experiments, 
windage  losses  do  not  exhaust  all  the  losses  appearing  in  the  transition  from 
full  to  partial  input.  Inasmuch  as  a  knowledge  of  purely  windage  losses  is  necessary 
for  finding  ways  of  increasing  the  economy  of  a  stage,  and  also  for  the  calculation 
of  the  astern  stages  of  marine  machinery,  we  shall  consider  these  experiments. 

They  were  most  fully  conducted  at  the  Institute  of  Thermal  Turbomachines  in 
Zurich  by  P.  Suter  and  W.  Traupel  [156].  On  the  basis  of  e  large  series  of  care¬ 


fully  planned  experiments,  they  propose  the  following  formula: 


>  _ f  j — *  'i  -j 

•  tin  a,  *' 


where 


(155) 


/> _ /»  /  R*ii  \-Vm 


(154) 


d  Qp  Upp 

where  Reu  =  — ~ — and  CQ  is  determined  depending  upon  the  design  and  geometric 
characteristics  of  the  stage  which  are  shown  in  Fig.  1 66: 


{'* h'h ;)• 


CQ  is  represented  in  Fig.  167 . 

For  shrouded  blading  (design  a  -  a.  Fig.  166),  when  the  influence  of  the 
clearance  s  is  great,  the  coefficient  CQ  is  found  by  the  following  formulas: 


for  normal  rotation  of  rotor 


C# ~ (o,0!7  +-f  Mi): 


for  reverse  rotation  of  rotor 


C,  =  (  0,018  +  -f  Ml). 


(155) 


(156) 


where 


k,  =  Us/i) 
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is  determined  by  Fig.  163a,  and 


is  found  according  to  Fig.  168b. 


Fig.  168.  The  determination  of  windage  losses: 
a)  coefficient  k„;  b)  coefficient  k.  :  1  — 

normal  rotation  of  rotor;  2  —  reverse  rotation: 

— > —  unimpeded,  —  r - impeded  flow.. 

As  can  be  seen  from  Fig.  167,  the  influence  of  the  geometric  factors  (design 
dimensions)  on  windage  losses  is  extraordinarily  great:  the  coefficient.  CQ  changes 
from  0.11  to  0.023,  i.e.,  almost  by  5  times.  Usually  the  reference  literature  for 
an  unprotected  wheel  (f  -  f  in  Fig.  166)  assumes  that  this  loss  does  not  depend 
on  dimensions,  and  it  is  considered  that  designs  a  -  f  and  o  -  f  must,  have  the  same 
magnitude  of  losses.  In  the  design  with  a  casing  (shape  a  -  a)  the  losses  decrease 
twice . 

According  to  NZL,  for  the  usual  design  of  a  stage,  C  =  O.O385;  this  value  of 

coefficient  C,  as  compared  to  the  experiments  of  Suter  and  Traupel,  decreases  the 

windage  loss  by  three  times. 

The  experiments  of  I.  K.  Terent'yov  (TsKTI)  [9^]>  f°r  the  case  of  a  -  f  in 

Fig.  166,  give  C 0  =  O.OlH  (1  +  20s/dCp  ),  i.e.,  for  s/dCp  =  °.°°5  to  0.01(5,  the 

coefficient  Cq  =  0.016  to  0.027,  which  is  a  few  times  less  than  in  Fig.  167.  For 
the  case  f  -  f  the  values  of  the  windage  losses  according  to  formula  (155)  and 
Fig.  167  give  a  close  coincidence  with  the  experiments  of  Stodola  [lt>7]  and  Buckingham 
[156]. 

Figure  169  [156]  shows  a  conditional  diagram  of  the  flow  of  gas  in  freely 
revolving  blading.  Some  of  the  gas  accomplishes  circular  flow  in  the  meridional 
plane,  not  passing  through  the  whole  cascade  channel  (arrow  ft),  and  the  remaining  part 
(arrow  F)  passing  through  the  cascade. 


Fig.  169.  Structure 
of  gas  flow  with 
freely  revolving  blad¬ 
ing. 


The  second  important  component  of  losses  for  the 
case  partial  input  is  the  so-called  run-out,  which  totally 
characterizes  the  losses  on  the  edges  of  the  input  arc. 

The  magnitude  of  this  loss  can  be  found  experimental  by 
an  experimental  turbine  with  the  same  degree  of  partial 
admission,  only  changing  the  number  of  input  arc  sectors. 

Such  experiments  were  performed  by  the  GE,  Asher-WIess, 
and  Skoda  firms,  and  at  MEI,  BITM,,  LKZ,  and  NZL. 

Let  us  consider  some  of  the  formulas  recommended 


for  computing  these  losses:* 
GE  formula  [117] 


,  Oil  w 


(157) 


NZL  formula  [48] 


BITM- NZL  formula  [48] 


«OM(.  ittu  —  c+  * 


TsKTI  formula  [94] 


Ckm|.  —  0,0085  + 


6,0137  I  a 

d  *  c+  ' 


(158) 


(159) 


U,.**  =  0,33-g£;  (160) 

Olson's  formula  [156] 

=  0, 27-^-——.  (l6l) 

The  TsKTI  formula  was  obtained  from  turbine  experiments  with  the  subtraction 
of  windage  losses  which,  as  noted  above,  are  too  low;  the  BITM-NZL  formula  has  a 
nonphysical  structure.  The  most  logical  one  is  the  GE  formula;  however,  the 
numerical  coefficient  in  It,  as  many  experiments  indicate,  is  too  low.  This 
coefficient  should  depend  on  the  stage's  reaction,  the  clearance  between  cascades, 
and  also  on  the  partial  admission  of  one  sector.  There  still  are  no  experimental 
data,  however,  which  would  make  it  possible  to  give  the  numerical  dependence  of  this 
coefficient  on  the  mentioned  factors.  Therefore,  it  is  necessary  to  limit  ourselves 
to  a  rougher  estimate  of  this  coefficient.  Using  experiments  of  MEI  [56],  LKZ,  and 


"NZL  uses  formulas  (158)  and  (159)  for  selecting  the  optimum  characteristics  of 
a  stage,  and  the  stage's  efficiency  is  determined  directly  on  the  basis  of  the 
results  of  experiments. 
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(162) 


Asher-Wiess  [96],  it  is  possible  to  recommend  the  following  formula 

£*•*■<.  *r*  =  77  7* 

Finally,  the  third  problem  is  the  selection  of  the  optimum  dimensions  of  a 
partial  stage.  For  a  given  volume  admission  and  the  basic  performance  parameters 
(x^  and  e)  it  is  possible  to  modify  the  stage's  dimensions,  in  the  first  place  by 
changing  the  cascade  height  and  the  degree  of  partial  admission. 

It  is  then  possible  to  select  the  stage  dimensions  which  will  ensure  the 
highest  efficiency..  This  selection  is  the  subject  of  §  30. 

We  shall  consider  the  results  of  an  experimental  investigation  of  a  single-wheel 
stage  with  partial  input. 

Figure  170  shows  the  dependence  of  the  efficiency  of  a  stage  of  an  experimental 
air-driven  turbine  with  full  air  input  (e  =  1)  and  with  partial  input  (e  =  O.76; 

0.5;  0.26)  according  to  the  experiments  of  N.  M. 
Markov  (TsKTI) . 

Experiments  with  partial  input  were 
conducted  at  ME I  in  an  experimental  steam  turbine 
at  various  cascade  heights,  including  very  low 
heights,  where  the  question  concerning  the 
economy  of  a  partial  stage  and  the  selection  of 
optimum  dimensions  is  especially  critical. 

Figure  171  gives  a  graph  of  the  full  relative 
internal  efficiency  of  a  K,H-2-2Ak  stage  with  TC-2A 
and  TP-2Ak  cacades  at  =  25  mm.  Experiments 
were  conducted  with  the  pressure  ratio  e  =  P3/P0  = 
=  0.7 -0. 85  in  the  stage  with  full  and  partial 
steam  input. 

Of  interest  in  these  e-'r^riments  is  the 
considerable  decrease  of  economy  upon  transition 
to  e  =  0.9,  when  the  influence  of  natural 
windage  is  small.  Stage  tests  were  conducted  with  the  inactive  nozzle  arc  shut  off 
from  the  steam  input  side.  The  stage  had  a  plant  technology  of  manufacture  that 
was  somewhat  poorer  than  in  permanent  machines;  its  diaphragm  was  welded.  With 
full  steam  input,  leakage  can  occur  only  over  the  blade  shroud,  where  two  strips  are 
mounted  for  sealing  with  a  decrease  of  02  «  0,8  mm. 

Analogous  stage  tests  were  conducted  at  heights  of  6,  10,  15,  20,  25  and  '(8  nun. 
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Fig.  170.  Dependence  of  stage 
efficiency  on  x ^  and  e  for 

one  input  arc;  d  =  600  mm,  = 

=  20  mm,  l2  =  23  mm,  C-l  and 

T-l  profiles  with  shroud  seals 
(two  strips),  6  =  0.6  mm,  M  = 

C1 

«  0.75,  Re  »  8-105  (TsKTI 
1. 

experiments ) . 


* 


t 


The  character  of  the  dependence  of  efficiency 


Fig.  171.  Dependence  of  effi¬ 
ciency  on  x  ^  and  e  for  one 

input  arc  (ME!  experiments): 

- stage  K,U-2-2Ak  ,  d  -  '(00  mm, 

-  25  mm,  Z2  =  28  mm,  = 

=  12o,)0  ; - —  stage  K$-2-2Ak, 

d  =  J|00  mm,  =  10  mm,  =  15°30*, 
l'g/l^  =  1.41*  e  =  0.7. 


on  Xj  and  e  remains  approximately  identical. 
Figure  171  gives  curves  of  the  dependence 
of  efficiency  for  stages  K#-2-2-Auk  (with 
one-sided  meridional  profiling)  on  x^  and 
e  at  a  height  of  l 1  =  10  mm. 

It  should  he  noted  that  a  comparison 
of  the  economy  of  partial  stages  with  the 
usual  cylindrical  contour  and  special 
meridional  profiling  showed  that  the  relative 
losses  upon  transition  to  partial  input 
practically,  do  not  depend  on  the  meridional 
shape  of  the  nozzle  cascade. 

As  noted  earlier  [126,  157] »  the  transi¬ 
tion  to  partial  input  and  a  further  decrease 
of  the  degree  of  partial  admission  lead  to 
a  decrease  of  the  optimum  velocity  ratio 
x  Thus,  according  to  Fig.  170  with 

full  input,  x*  =0.54,  and  when 
’  oriT 

e  =  0.26  it  decreases  to  x<f,  »  0.43. 

Taking  into  account  the  large  disk  friction 
loss  upon  transition  to  a  smaller  area 


F^,  i.e.,  t;o  a  smaller  e,  this  lowering  of 


Fig.  172.  Change  of  mean  reaction  of 
stage,  pCp,  on  u/c^  at  full,  e  =  1, 

and  partial,  e  =  O.515,  steam  input 
(MF.I  experiments). 


„  will  be  even  more  considerable. 

The  change  of  the  reaction, 
depending  upon  u/c^  and  e  for  a  partial 
stage,  is  governed  by  the  same  laws  as 
for  full  input.  The  dependence  of  the 
mean  reaction,  i.e.,  the  reaction  in  a 
mean  portion  of  the  input  arc  (with 
averaging  of  the  reaction  on  the 
periphery  and  at  the  root)  on  x ^  for 
e  =  0.515  and  e  =  1,  is  shown  in  Fig. 

172. 

With  the  decrease  of  the  partial 
admission  of  a  stage,  its  reaction  drops. 


i 

i 

1 
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This  is  explained  by  wash-out  of  the  stream  at  the  nozzle  cascade  exit  and  the 
large  amount  of  leakage.  Figure  173  shows  the  dependence  of  the  mean  reaction  on 

the  degree  of  partial  admission  for 


ft* 

tm\ 
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tm\ 
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various  stages  which  differ  by  cascade 
height  and  meridional  profiling  of 
nozzle  cascade.  The  test  stages  had. 
seals  above  the  blade  shroud  with  two 
strips  and  a  radial  clearance  of 
6g  =  0.8  mm.  The  higher  the  cascade 


Fig.  173.  Influence  of  partial  steam  in¬ 
put  on  mean  reaction  of  KJI-2-2A  stage,  d  = 
=  *>00  mm,  with  various  heights:  l ^  =  25, 

15,  and  10  mm;  u/c^  =  0.4;  s  =  0.75 

(MEI  experiments). 


height,  the  less  the  influence  of  the 
above-noted  factors,  and  as  the  input 
arc  decreases,  the  curve  of  the 
reaction  drop  will  be  more  sloping. 

Attempts  to  use  the  formulas  recommended  in  the  reference  literature  for 
computing  losses  upon  transition  from  full  to  partial  input  were  not  successful. 

In  an  overwhelming  majority  of  cases,  especially  at  low  blade  heights,  the  actual 
losses  are  considerably  larger  than  according  to  the  formulas  of  Stodola,  TsKTI, 
the  Zurich  School,  and  others. 

A  semi-empirical  formula  [104]  is  proposed  below  for  computing  the  losses 
with  partial  input  (one  arc)  without  protection.  In-order  to  avoid  confusion,  this 
formula  does  not  consider  such  factors  as  th<'  ratio  of  cascade  areas,  the  pressure 
ratio,  axial  clearance,  stage  sealing,  suction  (or  leakage)  through  the  root  clearance, 
and  others.  Therefore,  the  formula  cannot  be  universal  and  exact.  However,  even 
in  such  a  form,  it  gives  satisfactory  coincidence  of  the  calculated  data  with  experi¬ 
ments  at  e  >  0.25.  A  smaller  degree  of  partial  admission  was  weakly  investigated, 
and  the  value  of  the  geometric  stage  characteristics,  which  were  indicated  above 
and  not  considered  by  the  formula,  was  extremely  great  for  it. 

It  is  assumed  that  the  ratio  of  cascade  areas,  and  consequently,  also  the 
reaction  of  the  stage  for  the  given  conditions  (e,  u/c^ ,  e)  are  selected  as 
optimum  and  the  clearances  are  small.  In  another  case  the  losses,  which  are 
calculated  by  the  recommended  formula,  will  be  too  low: 

-1- !~) 


=  0,35  (■ 


where  d  is  given  in  motors. 
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Figure  174  gives  the  results  of  MEI  experiments  with  six  stages  with  different 


cascade  heights.  Here  for  x 
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Fig.  174.  Dependence  of 
losses  with  partial  input, 

£  ,  on  the  degree  of  partial 

admission  with  one  input  arc, 
d  =  400  nun;  e  =  0.75-0.85; 
u/Cfic  =  (MEI  experi¬ 
ments). 


=  0.4,  a  graphic  dependence  of  Cg/Ogj,  =  f(-  e 
is  shown.  The  graph  indicates  the  large  scatter 
of  experimental  points,  which  confirms  the  influence 
of  many  factors  on  stage  economy  with  partial  input. 
However,  even  with  this  scatter  of  points,  formula 
(I65)  seems  to  us  to  be  closer  to  the  majority  of 
experimental  data  than  the  other  known  formulas 
that  are  based  on  computing  losses  of  pure  windage. 

An  investigation  of  the  influence  of  the 
number  of  input  arcs  of  feed,  i  (to  be  more  exact,, 
pairs  of  ends,  since  nozzle  arcs  can  be  located 
close  to  one  another),  was  conducted  at  BITM,  MEI, 
LKZ;  Asher-Wiess,  and  others. 

According  to  the  experiments  of  I.  G.  Gogolev 
[5],  the  change  of  the  highest  efficiency  for  a 
stage  with  e  =  0.5,  depending  upon  i,  is  shown  in 


Olrt/flclbi 


Fig.  1:75.  Here,  the  results  of  the  Asher-Wiess  experiments  are  given  (98). 

The  experiments  of  the  Asher-Wiess  firm,  just 
as  the  experiments  of  Olson,  MEI,  and  GE,  confirm 
the  linear  dependence  of  losses  on  the  number  of 
input  arcs,  i.  BITM  experiments  were  conducted  with 
a  small  air-driven  turbine  with  characteristics  of 
flow  and  dimensions  that  are  not  encountered  in  the 
partial  stages  of  steam  turbines  (Mcl  =  0,15,  Rec^  = 

=  1.05-105,  l ^  s  51  mra).  Therefore  the  use  of 
them  for  the  calculation  of  turbine  stages  is 
difficult.  However,  even  with  these  tests  at  a  small 
number  of  i,  it  is  possible  to  take  the  losses  to 
be  proportional  to  the  number  of  input  arcs. 


Fig.  175.  Influence  of  the 
number  of  input  arcs,  i,  on 
the  economy  of  a  partial 
stage  with  e  =  0.5  (experi¬ 
ments  of  BITM  and  Asher- 
Wiess). 


Numerous  « xpcriments  confirm  the  approximate  proportionality  of  the  losses  that 
appear  upon  transition  to  I  >1  from  x^.  Therefore,  as  the  number  of  input  arcs 
Increase  (pairs  of  ends),  the  additional  losses  will  bo  taken  by  the  following 
formula 


0.25  Vi,,  (i-  I). 
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(1.64) 


O 
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Decrease  of  Losses  with  Partial  Input 

For  decreasing  losses  with  partial  input,  the  following  measures  should  he 
applied : 

1)  Selection  of  an  area  ratio  which,  taking  expansion  into  account,  would  give 
a  minimum  positive  reaction.  It  should  he  considered  that  the  election  of  Fg/F^ 
depends  on  the  stage's  and  e. 

2)  Decrease  of  the  full  axial  clearance.  For  a  partial  stage,  in  distinction 
from  a  stage  with  full  input  (see  §  2 k),  practically  the  most  advantageous 
clearance  size  is  its  minimum,  constructively  possible,  magnitude. 

However,  the  reliability  of  stage  operation  also  should  not  he  forgotten.  A 
decrease  of  the  full  axial  clearance  lowers  the  vibration  reliability  of  the 
blades,  which  is  especially  important  when  partial  input  is  employed. 

3)  Decrease  of  open  clearances  and,  installation  of  radial  shroud  seals. 

For  partial  stages,  however,  the  influence  of  this  sealing  is  somewhat  less  than  for 
a  stage  with  full  input.  This  peculiarity  is  explained  by  the  fact  that  in  a 
partial  stage  a  considerable  part  of  the  parasitic  leakages  passes  through  the 
meridional  clearances-. 

!{)  With  steam  input  to  the  regulating  stage,  the  adjacent  nozzle  arcs  should 
be  as  close  as  possible.  If  the  nozzle  box  is  common,  this  condition  usually  is 
observed.  For  certain  nozzle  boxes  which,  in  particular,  are  applied  in  turbines 
with  high  parameters,  the  clearance  between  adjacent  boxes  should  be  the  minimum 
necessary  for  heat  expansion. 

5)  For  decreasing  the  windage  component  of  losses,  a  housing  should  be  installed. 
With  Fig.  167  one  can  determine  the  increase  of  stage  economy  by  means  of  installing 
this  housing.  The  gain  in  efficiency,  £K0JK>  Is  calculated  by  the  following  formula 


&WX  —  ( 'Pi 


l  - eKt&C 


{165) 


Here  e„.„  is  the  part  of  the  contour  occupied  by  the  housing;  the  coefficients 
and  Cg  are  found  on  the  graph  of  Fig.  167  for  a  stage  without  a  housing  and  with 
a  housing,  respectively. 

With  the  installation  of  a  housing  behind  the  moving’  cascade,  the  site  of  the 
housing  and  its  size  must  be  determined  with  the  movement  of  the  steam  flow  around 
the  circumference  and  the  wash-out  taken  into  account.  This  calculation  is 
performed  with  known  values  of  angles,  blade  width,  and  clearances,  and  for  a 
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specific  x^  ratio.  It  should  be  borne  in  mind  that  with  a  change  of  the  conditions, 
i.e.,  a  change  of  x^,  the  optimum  site  of  the  housing  also  changes.  Therefore 
the  housing,  whose  site  was  determined  only  for  one  condition,  with  a  change  of  the 
conditions,  can  shut  off  the  flow  proceeding  from  the  rotor  blades,  and  thereby 
will  even  lower  the  efficiency  of  the  stage. 

In  the  direction  of  rotation,  the  edge  of  the  housing  should  be  no  closer  than 
the  edge  of  the  extreme  nozzle  by  the  quantity 

5,  =  ledger,  -f  1,05 bxj.  (166) 

Here  5  is  the  full  axial  clearance:  b  is  the  width  of  a  rotor  blade, 

n 

On  the  other  side  of  the  nozzle  segment,  the  housing  should  be  placed  so  that 
it  may  rotate,  but  no  more  than  by  the  quantity 

st  -  0,6  (6„  ctgtq-;-  1 ,05/ix+  -  ctg  pt).  ( 167 ) 

Here  6  is  the  axial  clearance  between  the  moving  cascade  and  the  housing 
K 

(Fig.  176). 

6)  It  is  necessary  to  seal  the  casing  of  the  rotating  cascade,  where,  sometimes 

for  decreasing  the  axial  stress,  relief  holes  are  made. 

7)  For  decreasing  the  losses  connected  with  the 

irregularity  along  the  input  arc,  it  is  logical  to 

decrease  this  irregularity,  whereupon  the  reaction 

in  the  extreme  channels  at  the  exit  of  the  nozzle 

segment  is  increased  somewhat.  This  apparently. 

Fig.  176.  Location  of  pro-  may  be  attained  by  a  certain  increase  of  the  angle 
tective  housing  in  partial 

stage.  in  one  or  two  extreme  channels. 

§  29.  PERFORMANCE  OF  A  DOUBLE-WHEEL  VELOCITY  STAGE  WITH  PARTIAL  INPUT 
There  is  no  fundamental  distinction  in  the  performance  of  a  partial  velocity 
scagc  and  a  single-wheel  stage.  If  it  is  a  question  of  purely  windage  losses,  then, 
according  to  experiments  of  the  Zurich  School,  these  losses  are  increased  by  -J?. 
times  as  compared  to  the  date  obtained  for  single-wheel  stages  which  was  given  in 

9 

the  preceding  paragraph. 

Double-wheel  stages  with  partial  steam  input  were  investigated  by  very  many 
individuals.  The  investigation  of  double-wheel  stages  developed  at  MEI  was 
especially  detailed;  these  stages  were  tested  in  MEI,  NZL,  and  LKZ  experimental 
turbines  [32,  34,  36,  53,  74,  78].  Let  us  present  some  of  these  results.  Thus, 
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Fig.  177  shows  the  dependence  of  the  efficiency  the 
MEI  stage  KC-1A-5,  with  a  different  degree  of  partial 
admission,  e  (MEI  experiments).  Figure  178  gives  a 
graph  of  the  measured  efficiency  of  the  MEI  stage 
KC-1B,  according  to  the  experiments  of  Yu.  Ya. 
Knchuriner  (NZL).  This  figure  gives  the  curves  of 
efficiency  for  various  pressure  ratios  P2/Pq  from 
0.70  to  O.35,  i.e.,  both  in  the  subcritlcal,  and 
also  in  the  supercritical  zone. 


Fig.  177.  Dependence  of 
the  efficiency  of  an  MEI 
velocity  stage  KC-1A-5  on 
u/c^  and  the  degree  of 

partial  admission  e  (one 
input  arc),  d  =  668  mm, 
l ^  =  25  mm:  F/F^  = 

=  1:1.53:2.23:3.38,  e  = 

=  0.5,  welded  diaphragm 

(MEI  experiments):  - 

tjoH  measured  relative  in¬ 
ternal  efficiency  of  stage, 
considering  all  losses; 

f 

^oi  =  ^oi  +  ^Tp* 


As  also  in  the  case  of  a  single-wheel  stage, 

velocity  stages  have  a  characteristic  lowering  of 

the  optimum  velocity  ratio,  xA  ,  with  a  decrease 

vonT 

of  partial  admis'i'n.  This  may  be  seen  from  Fig.  178. 
Thus,  in  the  investigated  stage  the  transition  from 
e  =  1  to  e  =  0.264  decreases  x*  from  0.305  to 
O.26,  i.e.,  for  the  same  diameter  the  optimum  heat 
drop  of  the  stage  was  increased  by  40$.  Upon 
transition  to  partial  input  and  x.  ratios  which 


exceed  the  optimum  values,  there  occurs  a  large  lowering  of  economy.  If  at  x* 

'OUT 


Fig.  178.  Dependence 
of  efficiency,  qoi  = 

=  %i  + 


of  an  MEI 


velocity  stage  KC-1E 
and  the  pressure  ratio,  e, 


0,i5 

on  u/c  ^ 

for  different  degree  of  partial  ad¬ 
mission,  o,  (one  input  arc),  d  =  709  mm, 
l±  =  15  mm,  V/F^  1:1.54:2.48:3.64, 


the  efficiency  qoi  decreases  by  At|/t)  = 

=  17$,  then  at  =0.35  this  decrease 
of  efficiency  already  amounts  to  30$. 
These  figures  once  again  emphasize  how 
important,  especially  in  conditions  of 
partial  input,  it  is  to  correctly  to 
select  x^  taking  into  account  both 
the  calculated,  so  also  varying  operating 
conditions  of  the  turbine. 

For  a  velocity  stage,  to  a  larger 
extent  than  for  a  single-wheel  stage, 
the  selection  of  the  area  ratio,  and 


welded  diaphragm;  curves:  1  and  4  -  e  =  consequently,  the  reaction  of  the  cla.e 
=  0.7;  2  and  5  -  e  *  0.55;  3  -  e  =  0.60; 

6  -  e  -  0.5>,»  (NZL  experiments).  is  of  importance.  This  is  Illustrated 


*The  NZL  experiments  with  old  combinations  of  velocity  stages  (see  Chapter  V), 
the  experiments  of  V.  D.  Pshenlchnyy  (LKZ)  with  various  stages,-  and  the  MEI  experi¬ 
ments  with  the  GE  combination  No.  113  were  [FOOTNOTE  CONT'D  ON  FOLLOWING  PAGE] 
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by  the  following  examples. 

p  The  same  experimental  MEI  turbine  was  employed  for  testing  two  MEI  stages, 

l  KC-1A-2  and  KC-1A-4 .  These  stages  has  identical  cascades,  diameter,  and  height  of 

t  nozzle  cascade.  The  system  of  clearances  and  seals,  just  as  the  technology  of 

r  their  manufacture,  was  also  approximately  identical  (welded  diaphragm).  The  main 

i  difference  in  the  stages  consisted  in  the  area  ratios: 


Fi.'  Fi  Wi  Ft,  F, 
KC-IA-2  1.52  2.39  3.40 

KC-IA-4  1.56  2.73  4.17 


As  can  be  seen  from  the  graph  in  Fig.  179,  the  smaller  (more  optimum  under 
the  given  circumstances)  area  ratios,  and  consequently,  the  larger  reaction  of  the 


Fig.  179.  Dependence  of  losses  on  partial 
steam  input  for  KC-IA-2  and  KC-1A-4  stages 
with  different  area  ratio,  according  to 
MEI  experiments,  with  e  =  0.5  (one  input 
arc),  8  =  0.6,  d  =  53^  mm,  l ^  =  20  mm. 

However,  a  very  large  calculated  reaction  even  in  a  well  sealed  step  will  cause 
large  losses  due  to  steam  leakages  and  because  of  the  essential  irregularity  p 
along  the  input  arc. 

It  should  be  noted  that  many  organizations,  in  attempting  to  increase  the 
economy  of  a  stage,  select  area  ratios  at  which  there  appear  large  reactions  around 
the  wheels;  as  a  result  of  this,  the  efficiency  with  full  Input  increases  somewhat 
(under  the  condition  of  good  sealing,  which  is  not  always  obtainable  in  operating 
conditions),  and  upon  transition  to  partial  input,  is  essentially  lowered. 

Thus,  in  the  comparison  of  the  MEI  stage  KC-1B  and  the  NZL  stage,  which  have 
approximately  identical  geometric  dimensions,  the  experiments  of  Yu.  Ya.  Kachuriner 


[FOOTNOTE  CONT'D  FROM  PRECEDING  PAGE] 

conducted  with  a  much  better  technology  of  maufacture,  i.e.,  milled  nozzles  [34,  52, 

78],  Therefore,  the  comparison  of  old  and  new  velocity  stages,  which  is  partially 
performed  without  taking  into  account  the  technology  and  quality  of  manufacture,  is 
inadmissible.  [  ) 


KC-IA-2  stage,  led  to  smaller  losses 
with  partial  steam  input.  This  is 
explained  by  the  fact  that  due  to 
wash-out  during  partial  input  to  the 
KC-IA-2  stage,  the  reaction  was 
moderate,  while  in  the  KC-1A-4,  when 
s  =  0.5,  the  reaction  became  very 
small,  and  on  the  first  wheel  it  was 
even  negative,  which  led  to  considerable 
losses  due  to  suction  and  losses  along 
the  edges  of  the  input  arc. 
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[53]  shov/ed  that  with  full  steam  input  the  HZL  stage's  efficiency  is  0.5^  higher 
than  that  of  the  MEI  stage.  This  Is  explained  by  the  considerably  better  technology 
of  manufacture  of  the  NZL  stage  (milled  nozzles  as  compared  to  the  MSI  welded 
diaphragm)  and  the  raised  reaction.  However,  with  a  partial  admission  of  e  =  0.15, 
which  typical  for  small  turbines,  the  additional  losses  (at  x  ^  =  0.2)  in  the  KC-1B 

stage  amounted  to  and  in  the  HZL  stage  they  were  6.95b,  which  is  explained 

by  the  nonoptlmura  selection  of  areas  of  the  NZL  stage  and  the  more  effective 
(aerodynamically  developed)  cascades. of  the  MEI  KC-1B  stage. 

Of  large  value  for  the  analysis  of  a  velocity  stage's  performance  is  the 
reaction,  and  for  a  double-wheel  stage,  the  reaction  on  the  wheels.  It  5s  interesting 
to  note  (this  is  confirmed  theoretically)  that  in  a  velocity  stage  the  reaction  in 
the  second  wheel  practically  does  not  change  depending  upon  x^  both  with  full, 
and  also  with  partial  input. 

Figure  180  presents  a  graph  of  the  dependence  of  the  reaction  on  the  wheels 
for  a  KC-1A-5  stage  with  full  (e  =  1)  and  partial  steam  input  (e  =  0.51). 


Fig.  180.  Dependence  of  the  reaction 
on  the  wheels  of  a  KC-1A-5  velocity 
stage  on  the  degree  of  partial  ad¬ 
mission,  e  (MEI  expei'' uents),  for 
e  =  0.5,  d  =  688  mm,  =  20  mm, 

F/F.  =  1:1.53:2.23:3.38  (one  input 

“*  T 

arc):  p  —  reaction  in  moving  cas¬ 
cade  of  first  wheel;  p11  —  reaction  in 
II 

rotating  cascade;  p  —  reaction  in 
moving  cascade  of  second  wheel. 


For  the  second  wheel,  upon  transition 

from  x^  =  0.22  to  x^  =  0.36  when  e  = 

II 

=  i,  the  reaction  increases  from  p 
=  2#  to  p11  =  3$,  and  it  increases  just 
as  insignificantly  when  e  =  O.51,  where 
p11  =  0  and  1$,  respectively. 

The  change  of  the  reaction  is  small 
also  in  the  rotating  (guide)  cascade. 
However,  in  the  first  wheel  the  influence 


of  partial  admission  on  the  dependence 
of  the  reaction  on  is  very  noticeable 

and  decisive  for  the  performance  of  the 


entire  stage.  This  is  well  illustrated 
in  Fig.  180. 

The  influence  of  a  =  P2/Poj 
the  influence  of  compressibility  on  the 


reaction  of  a  partial  stage,  is  the  same  as  with  full  input.  As  e  decreases,  the 
reaction  increases.  For  instance,  for  the  KC-1A-4  when  (x^  =  0.25),  upon  transi¬ 

tion  from  e  =  0.6  to  s  =  0.5,  the  total  mean  reaction  of  the  stage  was  increased 
by  O.O35  for  full  steam  input,  and  by  0.025  for  partial  input  (e  =  0,5).  The 


) 
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dependence  of  the  reaction  on  x^  ,  including  the  total  reaction  of  the  stags, 
remains  linear  in  rather  wide  limits  of  variation  of  x^.  However,  the  slope  of 
the  straight  line  is  determined  by  the  partial  admission  for  a  given  stage:  the 
smaller  e  is,  the  less  the  influence  of  x^.  This  is  explained  by  the  large 
influence  of  wash-out  of  the  flow  proceeding  from  the  cascade,  and  the  leakages. 
Figure  181,  for  aKC-lA-5  stage,  presents  a  graph  of  ZpCQ  =  f(x|,,  e).  It  is 
distinctly  clear  from  it  that  with  the  decrease  of  partial  admission,  the  reaction' 

decreases.  Thus,  when  e  =  1,  a  change 
of  x^  from  0.24  to  0.27  leads  to  an 
increase  of  the  reaction  from  6  to  24$, 
and  when  e  =  0.264,  from  2  to  10$, 
correspondingly. 

It  should  be  noted  (and  this  may 
be  seen  in  Fig.  180)  that  for  small 
x^  the  reaction  with  partial  input" 
can  be  higher  than  that  with  full 
input.  Th’s  is  explained  by  the  fact 
that  the  considerable  influence  of 
leakage  in  a  partial  stage  leads  to  a 
decrease  of  the  absolute  value  of  p.  Generally,  in  a  partial  stage,  in  distinction 
from  a  stage  with  full  input,  an  extreme  negative  reaction  is  impossible. 

It  is  absolutely  obvious  that  the  formula  for  calculating  the  losses  upon 
transition  from  full  to  partial  Input  for  a  single-wheel  stage  and  a  velocity  stage 
should  be  identical  in  structure.  This  formula  has  other  numerical  coefficients: 


input  arc  and  e  =  0.6  (MEI  experiments). 


0,3*4 
d  sin  a, 


(168) 


A  comparison  of  the  calculation  performed  by  this  formula,  with  the  results 
of  different  experiments,  is  presented  in  Fig.  182.  In  connection  with  the  larger 
(than  for  a  single-wheel  stage)  influence  of  the  area  ratio  on  economy,  a  large 
scatter  of  the  experimental  points  is  observed  here.  As  also  in  the  case  of  a 
single-wheel  stage,  formula  (168)  is  useful  only  for  stages  in  which  the  area 
ratio  Is  correctly  selected  for  the  given  conditions  (e,  u/c^,  e). 

Experiments  for  determining  the  influence  of  the  number  of  input  arcs  (pairs  of 
ends),  i,  on  the  economy  of  a  double-wheel  velocity  stage,  were  conducted  at  MEI, 

LK 7j,  and  several  other  organizations.  These  experiments  showed  that  the  qualitative 


-296 


t 


o 


picture  of  the  dependence  of  i)ol  =  f(i)  is  the  same  as  for  a  single-wheel  stage 
(Pig.  185).  The  increase  losses  upon  transition  to  a  larger  number  of  input  arcs 
is  calculated  by  a  formula  which  is  analogous  to  (i64) 

It  «  0,25-^-  xju  («‘  -  0-  (169 ) 

Here  Zbl  is  the  sum  of  the  products  of  the  chord  divided  by  the  height  of 
three,  cascades:  first  moving,  rotating,  and  second  moving. 


Fig.  182.  Losses  due  to  partial 
input,  £e,  depending  upon  the 

degree  of  partial  admission, 
according  to  experiments  and  cal¬ 
culations. 


Ojo  I _ I _ ! _ L _ I _ i _ 1 

P.to  0,15  0.20  0.25  020  0J5  u/u 


Fig.  183.  Dependence  of 
relative  internal  efficiency 
of  a  KC-1A-4  velocity  stage 
on  the  number  of  input  arcs 
with  a  partial  admission  of 
e  =  0.5;  d  =  534  mm;  l ^  = 

=  20  mm;  e  =  0.6. 

For  determining  the  dimensions  of 
the  nozzle  cascade,  it  is  necessary  to 
know  the  flow  rate  characteristic  of  the 
stage.  The  steam  flow  rate,  if  it  is  not 
critical,  for  constant  initial  parameters 
and  constant  countr-rpressure,  depends  on 
the  characteristic  of  u/c^.  This 
dependence  is  determined  by  the  quantity 
e  =  Pj/Pq  and  the  total  reaction  of  the 
stage.  The  same  thing  may  also  be  said 


about  the  partial  stage.  However,  t)v 

dependence  of  2p  =  f(x(^,  e)  in  this  case  will  be  other  than  that  for  full  Input. 

Since,  as  a  rule,  the  reaction  with  partial  input  decreases  at  large  ai  1 

somewhat  increases  at  small  x^  (Fig.  l8i),  the  relative  flow  rate  in  a  stage  with 
partial  input  at  identical  pressure  ratios  will  be  equal  to  the  flow  rate  with  full 
input  (with  critical  flow  from  the  nozzles),  or  larger  at  larger  and  smaller 


* 

i 
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at  smaller  x^.  On  the  whole,  the  character  of  the  graphs  becomes  more  sloping; 
since  the  dependence  of  Zp  =  f (x  ^  )  will  also  be  more  sloping. 

The  methods  of  decreasing  losses  due  to  partial  input  for  velocity  stages  are 
the  same  as  for  single-wheel  stages.  In  particular,  one  of  the  methods  of  increasing 
economy  is  the  installation  of  protective  housings.  The  protective  housings  should 
be  mounted  before  the  moving  cascade  of  the  first  wheel,  behind  the  entire  stage, 
and  instead  of  the  rotating  blades.  The  location  and  dimensions  of  the  protective 
housings  should  be  selected  v/ith  the  movement  of  the  steam  flow  around  the 
circumference  and  the  wash-cut  taken  into  account. 

The  size  and  place  of  location  of  the  protective  housing  must  be  determined 
vdth  varying  operating  conditions  of  the  stage  taken  into  account,  for  which  it  is 
possible  to  use  formulas  that  are  analogous  to  (1 66)  and  (167). 

§  30.  OPTIMUM  CHARACTERISTICS  OF  A  PARTIAL  STAGE 

When  designing  a  stage  with  partial  input  and,  in  general,  a  stage  with  a  low 
cascade  height,  it  is  necessary  to  make  a  rational  selection  of  the  optimum 
dimensions.  Actually,  a  decrease  of  the  partial  admission  and,  all  the  more  so,  a 
transition  from  full  to  partial  input,  on  the  one  hand,  brings  about  an  increase 
of  losses  t;  on  the  other  hand,  high  cascade  heights  lead  to  a  lowering  of  end 
losses,  and  consequently,  to  an  increase  of  the  relative  blade  efficiency  R0JJ.  It 
is  obvious  that  for  each  specific  case  there  can  be  found  optimum  stage  dimensions 
at  which  the  full  relative  internal  efficiency  qQi  will  be  maximum.  Selection  of 
the  optimum  dimensions  of  a  partial  stage  was  studied  many  researchers.  Usually 
the  solution  of  this  problem  is  performed  with  the  help  of  variant  calculations. 

An  example  of  such  a  calculation  is  given  in  the  textbook  by  A.  V.  Shcheglyayev. 

This  procedure  is  inconvenient  due  to  its  tediousness  and  the  impossibility  of 
making  a  quick  estimate  of  the  influence  of  various  factors.  Attempts  at  the 
analytic  calculation  of  the  most  advantageous  dimensions  of  a  partial  stage  were 
made  in  the  II ZL  method  [^0]  and  in  the  work  of  Czech  scientists  [lJOj.  For 
derivations  of  dependences  which  make  it  possible  to  find  tb<-  optimum  dimensions 
of  a  stage,  we  shall  use  the  above-mentioned  experimental  material. 

Me  shall  also  consider  the  features  of  meridional  profiling  of  the  nozzle 
cascade,  which  is  now  being  employed  everywhere  in  stages  with  low  bla.  es  heights, 
i.o.,  almost  in  all  stages  with  partial  input.  Furthermore,  for  velocity  stairs 
these  methods  ore  oriented  on  old  cascade  combinations  which  ave  presently  being 
■  -pi  teed  by  new  stages. 
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The  efficiency  of  the  stage  is  found  in  the  form  of 


—  *!«  w  *1  t  »«.v  (i70 ) 

Here  ij  is  the  full  relative  internal  efficiency  of  the  stage  without  consi¬ 
dering  only  the  losses  due  to  leakage  through  the  diaphragm  seals.  The  influence 
of  these  losses  on  the  perfc  -sance  of  a  partial  stage  almost  has  not  been  investi¬ 
gated,  and  for  a  determination  of  the  optimum  characteristics  of  a  stage  it  is 
doubtful  whether  it  can  be  essential.  is  the  efficiency  of  a  stage  with 

full  input,  after  subtracting  the  losses  due  to  disk  friction  and  shrouds.  For 
stages  with  the  usual  nozzle  cascade  (welded  diaphragm),  generalized  characteristics 
of  ME I  stages  (see  Chapter  IX)  are  mainly  used;  of  the  many  factors  that  determine 
the  quantity  J10J1>  the  main  ones  remain  here 

([). 


It  is  assumed  that  the  optimum  area  ratios  and  other  geometric  parameters  have 
been  selected.  Here  and  subsequently,  we  shall  not  consider  the  influence  of  the  M 
number,  which  is  necessary  for  simplification  of  the  calculations.  As  usual, 
single-wheel  stages  are  calculated  for  operation  in  e.  zone  of  subcritical  flow, 
v/hile  double-wheel  stages  operate  in  a  wider  range,  up  to  low  supersonic  velocities. 

For  stage  with  one-sided  meridional  profiling  of  the  nozzle  cascade,  the  results 
presented  in  Chapters  IV  and  V  are  used. 

Losses  £e  are  calculated  by  formulas  (loj)  and  (168),  and  losses  by 
formulas  (164)  and  (I69).  If  a  protective  housing  is  installed,  the  efficiency 
of  the  stage  is  increased  by  the  quantity  CK0JK>  which  is  determined  by  formula 
(165).  It  was  assumed  here  that  the  housing  occupies  a  portion  which  is  free  from 
the  steam  input  of  the  arc,  i.e.,  e  =  0.8  -  e.  In  order  to  make  the  formulas  and 
graphs  more  universal,  the  terms  depending  on  the  Reynolds  number,  the  clearances, 
and  the  ratio  d/l  are  assumed  to  be  constant.  As  will  be  shown  later,  this  does 
not  introduce  a  considerable  error  into  the  final  calculation: 


r  -  2  r  **  < 

fxex  .  3  sina>  e 


(171) 


where  C  depends  on  the  type  of  housing. 

The  losses  duo  to  disk  friction  and  blade  shrouds,  £Tp,  are  determined  by  the 
formulas  in  §  12.  Here  also  for  simplicity,  the  Re  number  and  the  clearance:-  are 
assumed  to  be  constant. 


After  a  number  of  transformations,  the  efficiency  q0,  turns  out  to  be  a 


function  of  three  main  parameters,  el^. 


e ,  and  x  ^ , 


and  a  number  of  secondary 
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parameters,  d,  a^,  i,  e  ^  b,  and  ba.  After  differentiating  this  function,  we 
find  that  the  maximum  efficiency  is  attained  at  the  optimum  degree  of  partial 

admission,  eQnT,  which  is  calculated  by  the  following  formula 

=  (172) 


where  is  given  in  millimeters. 

Here  the  coefficient  k  depends  mainly  on  the  type  or  stage  and  the  velocity 
ratio  and  also  on  the  above-mentioned  secondary  geometric  parameters. 

The  curves  labeled  1  in  Fig.  184  represent  the  graphic  dependence  of  k  =  f (x^) 

for  a  single-wheel  stage  fixed  values  of  the  remaining  parameters  [2],  As  follows 

from  the  graph,  in  the  real  range  of 

variation  of  x.  ,  the  coefficient  k 
<P  * 

for  a  usual  stage  changes  approximately 
one  and  a  half  times  from  0.16  when 
=  0.30  to  0.25  when  x^  -  0.50. 
With  one-sided  meridional  profiling 
of  the  nozzle  cascade,  a  decrease  of 
blade  height  has  a  smaller  effect  on 
the  efficiency  ))0JI,  the  losses  due 
to  partial  input  almost  do  not  change. 
Therefore,  the  value  of  optimum 
partial  admission,  and  consequently 
also  the  value  of  coefficient  k, 
increases  in  the  same  zone  of  x ^ 
and  amounts  to  O.ly  and  0.28,  respectively.  Thus,  for  a  stage  with  a  diameter  of 
1  m,  when  0^  =  15°  and  x^  =0.5  (in  the  usual  model,  but  with  a  good  quality  of 
manufacture),  partial  input  becomes  impractical  for  cascade  heights  of  ±4-15  min, 
and  for  a  stage  with  meridional  profiling,  at  =  11-12  mm.  These  values  coincide 
with  the  results  of  stage  tests  conducted  at  the  ME I  laboratory. 

With  the  change  of  the  angle  Oj,  the  optimum  partial  admission  changes 
insignificantly.  Thus,  for  instance,  upon  transition  from  sin  =  0.2  to  sin  = 

=  0.25,  it  decreases  a  total  of  several  percents.  A  much  more  complicated  question 
is  that  concerning  the  influence  of  the  diameter.  As  it  is  known,  on  the  stage 
diameter  depend  the  efficiency  ,  the  losses  on  the  ends  of  the  active  arc. 


Fig.  184.  Dependence  of  coefficient  k  in 
the  formula  for  e  onT  =  k on  the 

velocity  ratio  u/c^j  d  =  1  m;  number  of 

nozzle  groups  i  =  3,  no  protective  housing. 
Curves:  i  -  for  single-wheel  stage;  2  — 

double-wheel  velocity  stage.  -  (solid 

lino)  —  nozzle  cascade  of  usual  type; 

-  (dotted  line)  —  nozzle  cascade  with 

one-sided  meridional  profiling. 
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frictional  losses,  arid  others.  Calculations  show  that  for  a  given  velocity  ratio, 
x^,  the  optimum  partial  admission  increases  somewhat  as  the  diameter  decreases. 

It  is  necessary,  however,  to  indicate  that  not  only  the  quantitative,  but  also 
the  quail tative  estimate  of  the  influence  of  diameter  on  the  efficiency  of  a  partial 
stage  requires  an  additional  check,  since  reliable  experiments  have  not  yet  been 
conducted  with  partial  stages  of  different  diameter. 

As  the  number  of  input  arcs  increases,  the  optimum  partial  admission  increase 
perceptibly.  Upon  transition  from  i  =  3  to  i  =  6,  eonT  increases  ^  10-15#. 

The  influence  of  the  protective  housing  on  eonT  (but  not  on  efficiency  I)  is 
noticeable  only  when  the  flow  areas  are  small:  el^  <  10  mm.  At  larger  in 

practical  calculations  it  may  be  disregarded.  This  is  explained  by  the  fact 
that  a  protective  housing,  at  least  according  to  the  experiments  of  Suter  and  Traupel, 
on  the  basis;  of  which  formula  (171)  was  created,  decreases  only  the  purely  windage 
losses,  which  usually  make  up  only  a  portion  of  the  £e  losses. 

Besides  the  selection  of  the  most  advantageous  stage  dimensions  for  the 

selected  value  of  the  ratio  u/c^,  another  problem  can  also  be  set  up:  to 

simultaneously  select  two  optimum  stage  characteristics,  i.e:,  partial  admission 

e  and  velocity  ratio  x*  ,  at  which  the  highest  stage  efficiency  is  attained 
onT  for  "  onT 

the  given  area  of  a  cascade  and  its  diameter. *  The  solution  of  this  problem 
Is  possible  with  the  help  of  the  following  system  of  equations  [2] 


0 . 


By  graphically  solving  this  system  for  every  value  of  cl^,  the  other  secondary 
geometric  parameters  being  constant,  we  find  the  optimum  values  of  the  velocity 
ratio  and  the  optimum  (for  this  velocity  ratio)  degree  of  partial  admission.  These 
optimum  characteristics  are  given  for  a  single-wheel  stage  in  the  form  of  graphs 
(curves  1)  in  Fig.  185.  In  the  construction  of  the  graphs  v/e  assumed  d  =  1  m  and 
1  =  3;  the  stage  does  riot  have  a  protective  housing. 

Frequently  when  designing  a  turbine  it  is  not  practical  to  maintain  an  exact 
value  of  optimum  partial  admission.  Therefore,  it  is  necessary  to  know  how  the 
relative  internal  efficiency  of  the  stage  changes  with  a  certain  deviation  of 
partial  admission  from  oQnT.  This  is  illustrated  by  the  dotted  curves  of  the  graph 


'Here  we  do  not  consider  the  selection  of  an  optimum  velocity  ratio,  x^,  from 
the  point  of  view  of  technical  and  economic  Indices  of  the  entire  assembly. 

( J 
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in  Fig.  186.  It  should  be  noted  that  this  graph  may  be  used  only  for  estimating 
the  decrease  of  efficiency  with  the  change  of  the  degree  of  partial  admission,  and 
by  no  means  for  finding  the  value  of  efficiency,  which  depends  on  very  many  factors, 
which  deviate  in  reality  from  those  adopted  in  the  given  calculation.  The  graph  in 
Fig.  186  was  constructed  for  d  =  1  m  and  i  =  5>  and  for  values  of  x ^  that  are 
optimum  for  the  given  el^.  However,  even  for  other  x^  ,  it  is  fully  permissible 
to  use  the  curves  in  Fig.  186.  As  can  be  seen  from  the  graph  (with  the  exception 
of  those  stages  where  maximum  efficiency  is  attained  with  full  input),  the 
deviation  of  partial  admission  from  the  most  advantageous  magnitude,  within  to  limits 
of  2056,  has  a  very  slight  effect  on  stage  economy  especially  with  an  increase  of  e. 
This  property  of  a  partial  stage  facilitates  the  design  of  turbines  and  ,  in 
particular,  the  unification  of  blading. 


Fig.  185.  Dependence  of  optimum  stage 
characteristics  on  el^.  Curves:  1  — 

for  a  single-wheel  stage;  2  —  for  a 
double-wheel  velocity  stage:  —  (solid 
lines)  —  welded  nozzle  cascade  of  usual 

type;  -  (dotted)  —  nozzle  cascade 

with  one-sided  meridional  profiling. 


Fig.  186.  Influence  of  deviation  of  partial 
admission  of  a  stage  from  the  optimum 
value  of  efficiency  :  Curves  - 

(solid)  -  for  a  double-wheel  velocity  stage: 

-  (dotted)  -  for  a  single-wheel 

stage. 


Analogous  graphs  were  also  constructed  for  double-wheel  velocity  stages. 
Although  the  results  of  experiments  conducted  with  ME I  stages  of  the  type  KC-1A  and 
KC-1B  were  used  for  this,  the  data  of  these  graphs  can  also  be  used  for  other  new 
double-wheel  velocity  stages.  The  main  criterion  that  permits  the  use  of  these 
data  for  other  cascade  combinations  is  the  area  ratio,  which  should  approximately 
correspond  to  the  value  adopted  for  MEI  stages.  A  change  of  the  area  ratio,  and 
consequently,  also  the  calculated  reaction,  leads  to  a  considerable  increase  in 
losses  with  partial  input. 
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Curves  2,  which  are  represented  in  Fig.  18^,  show  that  partial  steam  input 
for  double-wheel  velocity  stages  is  practical  to  values  of  el^  <  30  mm,  i.e.,  with 
blades  almost  twice  so  long  as  for  single-wheel  stages.  This  is  explained  by  the 
essentially  smaller  optimum  velocity  ratios.  At  small  values  of  u/c^  the  effect 
of  cascade  height  on  efficiency  ti  ojj  is  somewhat  larger,  and  the  additional  losses, 
which  are  inherent  to  a  partial  stage,  are  noticeably  lowered. 

The  solid  curves  in  Fig.  185  show  the  dependence  of  the  optimum  velocity  ratios 
and  optimum  degree  of  partial  admission  for  double-wheel  stages.  Figure  i86 
illustrates  the  influence  of  the  deviation  of  e  from  eQnT  on  stage  efficiency  ijoi. 

The  presented  graphs  for  determining  the  optimum  characteristics  of  single-wheel 
stages  and  velocity  stages  with  partial  steam  input  should  be  of  assistance  to  the 
designer  when  planning  turbines.  Additional  research  on  the  influence  of  stage 
diameter  on  the  effectiveness  of  a  partial  stage,  and  also  further  work  on  the 
creation  and  investigation  of  various  safety  devices,  undoubtedly,  will  substantiate 
the  most  advantageous  characteristics  which  are  recommemded  here.  However,  one  may 
assume  that  it  is  doubtful  whether  these  substantiations  will  essentially  change 
the  value  of  the  optimum  parameters  of  a  partial  stage. 

§  31.  SUPERSONIC  SINGLE-WHEEL  STAGES 

These  stages  are  used  in  multistage  turbines,  and  also  in  the  form  of  small 
single-stage  turbines  applied  as  the  drive  mechanisms  of  various  assemblies. 

In  the  last  case,  supersonic  stages  have  relatively  small  flare  and  the  whole 
flow  of  steam  or  gas  at  the  nozzle  cascade  exit,  which  sometimes  depends  upon  the 
expended  heat  drop  at  the  entrance  and  exit  out  of  the  moving  cascade,  is  supersonic. 

The  flow  area  of  these  stages  should  be  composed  of  group  B  profiles  or  should 
depend  upon  the  heat  drop  of  B  and  B.  Various  profile  combinations  are  possible 
depending  upon  the  specific  operating  conditions  of  the  machine. 

Selection  of  the  aerodynamic  and  design  parameters  of  a  supersonic  stage 
essentially  depends  on  the  pressure  ratio  Pg/p0  (or  Mq),  the  flow  rate  of  the 
working  medium,  and  the  given  (or  selected)  limiting  speed. 

The  nozzle  cascades  of  supersonic  stages  can  be  of  three  types:  a)  with 
divergent  channels  of  rectangular  cross  section,  with  an  expansion  ratio  of 
fj  - Fj/F* >  which  ensures  the  achievement  of  the  design  M  ^  number,  TC-P  profiles 
for  instance  (see  §  7);  b)  with  axially  symmetric  channels,  having  the  same 
expansion  ratios;  c)  with  divergent  channels  and  concave  back  in  slanting  shear 
( TC-BP  profiles),  which  ensure  stably  small  losses  in  off-design  conditions;  the 


I 


expansion  ratio  of  the  channels  is  considerably  smaller  the  value  determined  by 
the  given  design  Mcl  number  (see  Chapter  I)  or  convergent  channels  and  concave 
back  (TC-B).  Impulse-type  moving  cascades,  depending  upon  >  1,  are  of  type 
B  or  type  B  (§8). 

When  profiling  the  flow  area  of  a  supersonic  stage,  it  is  necessary  to  consider 
the  possibility  of  the  phenomenon  of  "choking"  of  the  moving  cascade  at  supersonic 
velocities  in  relative  motion.  At  the  same  time,  in  accordance  with  the  condition 
of  inseparability,  not  all  conditions  at  M ^  >  1  are  accessible  in  the  moving 

cascade.  An  important  part  of  the 
■  XpAr/  .  problem  is  also  the  determination  of 

([ (I (J n  (l  the  angle  of  exit  from  the  cascade  at 


Mw2> 


The  enumerated  problems  can 


be  approximately  solved  with  the  help 
of  the  hodograph  of  dimensionless 
velocity  X^  (or  Mw),  which  was  proposed 
in  [25] .  Let  us  consider  briefly 
the  method  of  constructing  and  using 
the  velocity  hodograph. 

We  shall  use  a  continuity  equation 
in  relative  motion,  after  writing 
it  for  the  entrance  and  exit  sections 


of  the  moving  cascade  (Fig.  187a): 


f«»i  sto  Pi  =  sin  p,t 


(17?) 


Fig.  187.  Calculation  of  the  flow  area  of 
a  supersonic  stage  with  help  of  a  velocity 
hodograph:  a)  cross  section  of  moving 
cascade ;  b)  diagram  of  hodographs  X  . 


where  eQ  =  Pow£/Powl;  Pow,  and  pow2 
are  the  stagnation  pressures  in 
relative  motion  at  the  entrance  and 
behind  the  cascade; 


-  £2  _  +  v 
~\  2  } 

I 

x  ^0  ~ 7+4*0)  (174) 


the  given  flow  rate  in  relative  motion  (qwl  at  the  entrance  and  qw2  at  the  cascade 
exit);  p„w  and  n„w  are  the  critical  density  and  velocity  in  relative  motion. 
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Consequently,  the  axial  projection  of  q.rfl  is  equal  to 

=  q* x  an  Pi  =  ?«*%  sin  (*t  =  qxUtt. 


(715) 


With  the  help  of  formula  (17A-)  we  obtain 

“  (^T1) *"  ( !■ -  Vj)‘ sin  p. 


(71 6) 


It  follows  from  expression  (176)  that  various  values  of  Xw  and  P  can  correspond 

to  a  constant  value  of  q  .  Hence,  we  conclude  that  at  q  const  the  end  of  vector 

wa.  w3 

Xw  describes  a  certain  transcendental  curve,  i.e.,  the  hodograph  of  vector  Xw,  in 

a  polar  coordinate  system  (Xw,  p).  By  assigning  various,  but  constant  values  of 

q  ,  from  a  =  0  to  q  =1  and  P„  from  0  to  w,  it  is  possible  to  construct  a 

Mwa'  *wa  ^wa  1 

group  of  curves  in  the  plant  of  the  hodograph  (Fig.  187b),  which  makes  it  possible 
to  graphically  calculate  the  flow  in  the  moving  cascades. 

With  supersonic  velocities  at  the  entrance,  not  all  conditions  that  correspond 
to  the  velocity  hodograph  are  practically  accessible.  Experiments  show  that  in 
certain  cases  when  X  ^  >  1,  at  the  entrance  to  the  cascade  there  appear  systems  of 
shocks  that  are  not  connected  with  the  flow  around  the  profiles;  upon  intersecting 
this  system  of  shocks,  the  flow  obtains  subsonic  velocities.  Such  conditions  of 
the  flow  around  impulse  cascades  are  called  "choking"  conditions. 

According  to  the  condition  of  continuity,  a  certain  other  group  of  conditions 
with  subsonic  and  supersonic  velocities  at  the  entrance  also  turns  out  to  be 
unattainable. 

Let  us  consider  the  methods  of  determining  the  unattainable  conditions  in  an 
impluse  cascade  at  supersonic  velocities,  and  consequently,  also  in  a  stage. 

We  shall  use  the  continuity  equation  written  for  the  throat  area  of  a  nozzle 
cascade  and  the  entrance  and  exit  sections  of  a  moving  cascade: 


(177) 


Here  F#c  is  the  cross-sectional  area  of  the  nozzle  cascade  (throat  areas); 

|  I 

p#0  and  a#c  are  the  density  and  velocity  in  the  throat  areas  of  the  nozzle 
cascade  under  the  given  conditions;  p^,  Pg,  w^,  and  Wg  are  the  densities  and 
velocities  at  the  entrance  and  behind  the  moving  cascade  (in  relative  motion). 

We  shall  present  equation  (177)  in  the  following  form: 


f  SlflL  =  f  Cilg|  0*»la,al 

__  f  g»~«  Q'tr&'H 


(178) 


Q’lriP'mt  W-t  ’ 


where  p<c  and  aj(c  are  the  critical  density  and  velocity  in  the  throat  areas  of 
the  nozzle  cascade  (absolute  motion);  p<wl,  P<w2,  a*wl'  3X1(1  a*w2  are  the  cri'fcical 
densities  and  velocities  at  the  entrance  and  behind  the  moving  cascade  (relative 
motion). 

We  shall  introduce  the  given  flow  rate  q  into  equation  (178)  and  shall  substitute: 

C«»l0,i»l  __  Pm,\  1  f  Ttc  . 

Pr*  '  Tnv’  1 


H'fl'c  P<*  '  Titn  ' 


where  poc ,  Toc  ,  powl,  TQWl,  pow2,  and  Tow2  are  the  stagnation  pressures  and 
temperatures  in  absolute  (in  throat  areas  of  nozzle  cascade)  and  in  relative  motion. 

If  we  consider  for  an  axial  stage  that  the  stagnation  temperature  in  relative 
motion  is  kept  constant,  then,  after  substitution  and  transformations,  expression 
(178)  obtains  the  following  form: 


I*  t  .  •  o 

ij‘c  Sin  Pi  ~  Pi- 


(179) 


q„  is  the  given  flow  rate  in  the  throat  areas  of  the  nozzle  cascade; 

*c 

Zp,  *pj  and  are  tl,c  number,  height,  and  pitch  of  the  channels  of  the  moving 
d  d  cascade; 

eow  =  pow3^powl  ls  the  sta8nation  pressure  ratio  on  the  moving  cascade; 

A  =  -^~  l/S-. 

Powl  *  >oe 

This  magnitude  may  be  represented  by  dimensionless  velocities: 

and  Mfl  —  — ; 


(JL*. 

/ 

V  ^  nwi 

)  -( 

and  the  relationship  between  Mwl  and  Mcl  is  determined  by  the  evident  expression 

Ma, _ slna, 

Mf,“"7  sin  pi*  * 
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Equation  (179)  may  be  presented  in  the  following  form; 

q-cAB  —  <7„,  sin  p|  =  qsta 

.  Qiri*  ~  itoQsi  sfa  Pi. 


(180) 


where  B  =  -  r—  is  a  geometric  parameter  of  the  stage. 
z2t2  2 

We  shall  analyze  these  relationships  for  certain  particular  cases.  Let  us 
fing  the  condition  for  which  there  appear  critical  velocities  at  the  entrance  to  or 
behind  a  moving  cascade. 

If  =  1,  then  =  1,  and  from  equation  (l80)  we  will  obtain 

Pj*  =  arc  sin  (e«wrt  sin  p,)  =  arc  sin  -  (181) 

=  arc  sin  (quA^B), 

where 


The  critical  velocity  at  a  cascade  exit  is  established  when 


Pi.  -  arc  sin  (-^-)  =  arc  sln(-£-  AB ). 


(182) 


The  maximum  flow  rate  through  the  stage  corresponds  to  these  conditions.  It 
follows  from  this  that  conditions  which  corresponding  to  the  condition  of 


q>(AB  =  qB„  >  sin  Pr, 


(18?) 


are  unrealizable  in  the  stage. 

It  should  be  emphasized  that  the  considered  region  of  impossible  conditions  at 
the  entrance  to  a  cascade  does  not  coincide  with  the  region  of  "choking"  conditions. 
In  the  last  case,  there  appear  shocks  before  the  cascade  and,  consequently,  "choking" 
conditions  can  form  only  when  supersonic  velocities  are  attained  in  the  nozzle 
cascade. 

As  shown  above,  supersonic  velocities  before  a  moving  cascade  are  possible  when 
the  continuity  equation  (175)  is  satisfied,  with  losses  taken  into  account: 

q«n  sin  PL  =  foi  sm  Pt- 

P  ow  2 

Here  - -  is  the  change  of  stagnation  pressure  in  a  normal  shock,  depending  only 

powl 


*  OW  c 

on  M., ;  — -  is  the  change  of  stagnation  pressure  in  the  cascade. 

Pow2 
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Consequently, 


Pm,  Pan  /  *  -J-  i  \  *—T *  ft  1  1  \* 

Am  V  2  j  >.*,  ^  *  +  l  ) 


k-l 

*  +  l 

j  ‘ 

(134) 


where  P2  is  the  exit  angle  of  the  moving  cascade,  if  a  normal  shock  is  located 
before  it  and  X2  =  1. 

When  Xwl  “  x>  P1  ~  P2  i.e.,  the  curves  described  by  formula  (174)  coincide 

with  the  curves  constructed  according  to  the  equation  — -  =  const  or  in  accordance 

eow 

with  expression  (17 6)  by  the  following  formula 

(■4^)"'  <l85) 

The  curves  that  correspond  to  aquations  (l84)  and  (185)  are  shown  in  Fig.  187b. 
The  hodograph  of  X may  also  be  used  for  an  approximate  calculation  of  the 
angles  of  deflection  in  the  slanting  shear  of  the  moving  cascades. 

From  the  continuity  equation,  we  shall  express 

„  „  slnPi 


6  -  Pi  -  Pi*  -  are  sin  sin  p,)  -  P,*. 

For  a  zero  reaction  in  the  stage,  p0  =  p,,  and  q„0  =  - — ,  and  the  deflection  of 

Jl  Wc  ^OW 

flow  6  =  (!,  -  (?g  we  arrive  at  the  conclusion  that  p^  =  P2. 

When  P^  =  P2,  the  deflection  is  5  =  0,  and  consequently,  for  any  supersonic 
velocity  of  the  incident  flow,  deflection  does  not  o-  cur  in  the  slanting  shear. 

When  P^  <  P2  -  6  <  0,  i.e.,  contraction,  not  expansion  of  the  flow,  occurs  in  the 
slanting  shear. 

This  behavior  of  the  supersonic  flow  in  impluse  cascades  is  connected  with  the 
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fact  that  at  supersonic  velocities  disturbances  do  not  spread  toward  the  flow  and 
the  pressure  before  the  cascade  p^  can  be  selected  arbitrarily.  This  condition  is 
disturbed  only  in  "choking"  conditions,  i.e.,  when  vector  X^  lies  in  the  region 
bounded  by  the  dotted  curve  for  qflw2  =  sin  stf)  (?iS»  137b). 

Thus,  before  the  onset  of  choking  conditions,  the  exit  angle  of  flow  from  a 
cascade  can  be  determined  for  the  value  of  (Pj/Powl  ^  on  the  tasic  set  °f  curves 
for  qwa  =  const,  whereby  does  not  depend  on  the  geometric  parameters  of  the 
cascade  and  the  number  of  X^. 

In  "choking"  conditions,  vector  X^  is  inside  the  region  bounded  by  the  dotted 
curve  for  qwa  =  const;  the  exit  angle  is  determined  with  respect  to  Xw2  on  the  curve 
for  qv/a  =  sin  P2  g i.e.,  it  depends  on  the  geometric  parameters  of  the  cascade. 

We  shall  now  consider  some  results  of  the  calculation  and  experimental  investi¬ 
gation  of  supersonic  stages.  Figure  188  shows  the  optimum  flow  areas  of  these  stages, 

selected  by  calculation.  All  stages 

st.apt»  were  calculated  for  one  expansion 

*  ’  * 5  ratio,  e2  =  0.08  or  MQ  »  2.3  (MQ  is 

the  M  number  that  is  equivalent  to  the 

V^sAvA  available  heat  drop  in  the  stage). 

Moving  cascade  TP-2B ^  TF-2BI  Stage  No.  1  includes  a  TC-1P 

ruuP  nozzle  cascade  (a^  -  16°) ;  the  ratio  of 

the  exit  section  of  the  channel  to 


^b)  N 


the  throat  section  F. 


was  f 


Fig.  188.  Diagrams  of  supersonic  single - 
wheel  stages:  a)  stage  No.  1-1,  composed 
of  a  TC-lP  nozzle  cascade  and  three 
different  moving  cascade.s;  b)  stage  No. 

2- II,  composed  of  a  nozzle  cascade  with 
axially  symmetric  nozzles  and  a  TP-2BI 
moving  cascade;  c)  stage  No.  J-1I,  com¬ 
posed  of  a  TC-1BP  nozzle  cascade  and  a 
TP-2BI  moving  cascade. 


=  — -  =  2.38  (for  k  =  1.3);  the 

l*c 

cross  sections  of  the  channel  are 
rectangular. 

The  nozzle  cascade  of  stage  No.  2 
had  axially  symmetric  channels  with 
the  same  ratio,  f  =  2.3.  The  exit 
sections  of  the  channel  are  made  with 
a  profile  calculated  by  the  analytic 
method.  For  decreasing  the  edge 
losses,  the  exit  sections  of  the 


channels  have  mutual  cutoff.  Uniformity  of  flow  at  the  cascade  exit  is  ctu.urod  by 
cutting-off  and  trimming  the  trailing  edges  at  the  point  of  intersection  of  the 


adjacent  channels.  The  drilled  channels  ol’  this  cascade  arc  characterized  by 
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smoothly  outlined  subsonic  portion;  the  profile  of  the  supersonic  section  in  the 
slanting  shear  is  either  conical  or,  for  ensuring  a  uniform  velocity  field  at  the 
exit,  curvilinear. 

The  nozzle  cascades  with  axially  symmetric  channels  are  characterized  by 
smaller  end  losses  and  therefore  should  have  a  higher  efficiency  with  low  heights. 
An  essential  advantage  of  nozzle  cascades  of  this  design  is  high  productibility, 
tvhich  ensures  a  considerably  high  accuracy  of  dimensions  of  the  channels  and  purity 
of  their  surfaces. 

Stage  No.  3  had  a  TC-1BP  nozzle  cascade  (§7)  with  slight  expansion  of  the 
vane  channel  (f  =  1,  2)  and  a  concave  profile  back,  in  the  slanting  shear. 

The  moving  cascades  were  of  two  types  (see  Chapter  I)  with  stage  deceleration 
at  the  entrance  (TP-2B)  and  rectilinear  backs  (TP-2BI)  with  convergent-divergent 
channels.  All  cascades  had  approximately  identical  entrance  and  exit  angles. 

Consequently,  the  tests  of  stages  with  various  nozzle  and  moving  cascades  were 


intended  for  finding  the  most  rational  cascade  combination  for  a  supersonic  stage 

which  would  ensure  a  high  efficiency 

7  12  3  *  in  a  wide  range  of  conditions. 

The  results  of  the  calculation, 

according  to  static  investigations, 

and  certain  experimental  data  for 

three  stages  with  different  nozzle 

cascades  and  with  one  TP-2BI  cascade, 

are  shown  in  Fig.  189.  Efficiency 

curves  are  given  there,  depending 

0  0.1  0.2  0.3  as  o.f  v f  upon  u/c  ^  for  a  constant  available 

FiG.  189.  Dependence  of  relative  Internal  heat  drop  (e~  »  0.08)  which  corre- 
efficlency  of  supersonic  single-wheel  d 

stages  on  x^  for  a  constant  available  spondsto  the  design  conditions  of 

pressure  drop,  e  =  idem,  and  on  a  variable  ..  __  ,  _  ,  ,  ,  .  , 

drop  (e2),  and  for  =  idem.  Curves:  the  TC-1P  nozzle  cascade  (shown  in 

1  -  stage  No.  l-II;  2  —  stage  No.  2-II;  Fig.  l88a). 

3  —  stage  No.  3-Hj  Jl  —  subsonic  stage 

K^-1-2A  (e,  =  0  7;  Re  =  J(*10^).  The  experiments  show  that  the 

2  '  ’  c. 

efficiency  of  the  three  stages  under 


design  conditions  are  close.  The  particular  advantage  of  the  stage  with  the  TC-1BP 
nozzle  cascade  is  connected,  apparently,  with  the  fact  that  the  profile  chord  in 


this  case  is  less  than  in  the  two  other  variants.  Let  us  note  that  the  efficiency 


of  stage  No.  3  could  be  somewhat  higher:  however,  in  connection  with  the  increased 
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angle  a^,  the  reaction  in  this  stage,  and  consequently,  the  leakages,  turned  out 
to  be  higher  (Fig.  189). 

Stage  No.  >  with  the  TC-1BP  nozzle  cascade  has  essential  advantages  in  off-design 
conditions,  especially  with  a  decrease  of  the  heat  drop  available  on  this  stage. 

When  comparing  the  efficiency  curves,  which  were  constructed  depending  upon  the  e 
of  various  u/c^  (Fig.  189)  it  may  be  noted  that  stage  No.  1  (Fig.  l88a)  is  the 
most  sensitive  to  the  change  of  e  >  ep.  The  intermediate  position  is  occupied  by 
stage  No.  2  with  axially  symmetric  channels  of  the  nozzle  cascade. 

The  experiments  showed  that  for  a  design  Mq  number  equal  to  2.3*  the  best 
results  were  exhibited  by  the  TP-2B  cascade,  with  stage  deceleration  at  the 
entrance.  For  lower  velocities,  the  TP-2B  and  TP-2BT  cascades  are  equivalent. 

The  results  of  the  investigation  of  supersonic  stages  distinctly  show  that 
the  influence  of  certain  geometric  parameters,  in  particular  the  height  of  the 

nozzle  cascade  and  the  ratio  of  cross 
sections,  is  different  than  that  for 
subsonic  velocities.  Actually,  the 
graphs  of  the  change  of  efficiency 
depending  upon  7^  and  Fg/F^,  which  are 
presented  in  Fig.  190,  permit  us  to 
conclude  that  the  Influence  of 
weakens  when  MQ  »  1.  This  is  explained 
by  a  certain  lowering  of  end  losses  in 
the  cascades  at  supersonic  velocities. 

An  especially  weak  sensitivity  to 
changes  in  height  is  possessed  by  the 
stages  in  which  we  flow  is  supersonic 
both  in  absolute,  and  also  In  relative  motion.  With  a  mixed  flow  in  a  stage,  the 
effect  of  height  is  more  considerable.  It  should  be  noted  that  at  low  heights 
the  advantages  of  stages  with  axially  symmetric  nozzle  channels,  which  are  calculated 
by  the  method  of  characteristics  or  analytically,  are  noticeable.  These  nozzle 
cascades,  as  shorn  by  the  KTZ  laboratory,  have  minimum  end  losses,  the  relative 
magnitude  of  which,  with  the  decrease  of  height,  practically  does  not  change. 

For  supersonic  stages,  the  optimum  ratio  of  cross  sections  of  the  moving  and 
nozzle  cascades  is  larger  with  the  same  degree  of  reaction.  As  the  Mq  number 
increases,  the  quantity  (F^/F^)  increases,  which  completely  corresponds  to  the 
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Fig.  .1.9° •  Dependence  of  efficiency  of 
single-wheel  supersonic  stages  on  height 

of  nozzle  cascade  and  area  ratio:  - 

subsonic  stages;  —  •  —  •  —  supersonic 
stages  (calculation). 


peculiarity  of  a  supersonic  flow,  the  density  of  which  decreases  even  more  intensely 
than  at  subsonic  velocities. 

Considering  the  curves  of  relative  efficiency,  depending  upon  (Fig.  139) 

for  stage  No.  l-II,  one  should  note  that  when  x*  >  x.  ,  the  efficiency 

w’onr 

decreases  more  intensely  than  for  subsonic  stages  and  stages  No.  2-II  and  No.  3-II. 
This  result  is  explained  by  the  phenomenon  of  choking  in  corresponding  conditions, 
which  are  characterized  by  the  increased  angles  of  entrance  to  the  moving  cascade 
and  deflection  in  the  slanting  shear  of  the  rotor  blades,  which  causes  an  increase 
of  losses  in  the  nozzle  and  moving  cascades  and  losses  with  the  outlet  velocity. 

The  x^  ratio  at  which  choking  conditions  occur  may  be  determined  by  the 
diagram  of  the  velocity  hodograph  of  Xw  (Fig.  187b),  with  the  help  of  which  the 
region  of  unattainable  conditions  in  the  moving  cascade  is  established. 

As  the  experiments  show,  the  losses  during  partial  input  without  the  application 
of  special  protective  means  in  a  supersonic  stage  are  somewhat  higher.  In 
accordance  with  this,  into  the  formulas  for  losses  during  partial  input  it  is 
necessary  to  introduce  a  correction  (see  §  28). 

In  those  cases  when  the  calculated  degree  of  partial  admission  is  small,  the 
application  of  turbines  with  repeated  admission  is  expedient,  in  which  several 
impulse  pressure  stages  or  velocity  stage  are  placed  on  one  disk. 

Figure  191  gives  a  diagram  of  such  a  turbine:  with  consecutive  gas  input  on 
one  side  of  the  disk  and  bypass  channels  (Fig.  191a)  and  with  input  on  two  sides  of 
the  disk  without  bypass  channels  (Fig.  191b).  The  first  diagram  has  an  advantage 
that  is  connected  with  the  best  organization  of  flow  at  the  entrance  to  the  moving 
cascade;  its  disadvantage  consists  in  the  necessity  of  bypass  channels,  which 
increase  the  losses  somewhat.  In  the  second  diagram  this  disadvantage  is  not 
present;  however,  the  conditions  of  entrance  to  the  moving  cascade  will  be  less 
favorable . 

Triple-stage,  single-wheel  stages  can  also  be  constructed  on  the  basis  of  this 
diagram.  The  division  of  heat  drops  between  stages  during  input  from  one  direction 
is  carried  out  in  such  a  manner  so  that  the  absolute  velocities  at  the  nozzle  cascade 


exit  are  identical,  which  leads  to  identical  angles  of  entrance  to  the  moving 


cascade.  According  to  the  second  diagram  (Fig.  191b),  velocity  triangles  are 


constructed  in  such  a  way  so  that  the  condition  of  =  f3g  (8^ 
angle  of  the  moving  cascade)  is  ensured  for  the  second  stage. 


is  the  exit 
P 
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Fig.  191.  Single-wheel  double-stage  super- 
son  turbine  with  partial  admission:  a) 
diagram  of  disk  with  single  gas  admission 
and  bypass  channels;  b)  the  same,  with 
double  admission  and  without  bypass  channels; 
c)  characteristic  curves  of  turbine: 

—  v  —  V  —  V  —  experiments  with  axial 
clearance  6  =  0.13  mm;  —  O  —  O  —  O  —  ex- 

cl 

periments  with  axial  clearance  6  =  0.43  ram; 

-  calculation. 


The  calculation  of  a  single¬ 
wheel,  multistage  turbine  consists 
in  the  construction  of  velocity 
triangles,  the  determination  of  the 
dimensions  of  the  nozzle  and 
moving  cascades,  and  the  determina¬ 
tion  of  the  additional  losses  due 
to  partial  input.  It  should  be 
borne  in  mind  that  the  losses  due 
to  partial  input  in  this  turbine 
will  be  greater  than  those  in  a 
single-wheel  stage. 

The  results  of  tests  of  a 
single-wheel,  double-stage  turbine, 
conducted  by  G.  D.  Linkhardt  andG:  D. 
Silvern,  are  shown  in  Figure  191c. 

The  tests  were  conducted  at  e  = 

=  O.O58.  Maximum  efficiency  was 
equal  to  62%  at  x^  =  0.3.  This 
figure  also  contains  a  calculated 
curve  for  qoi  =  f(x^  );  the 
experimental  values  of  ex'ficiency 
we  considerably  lower  than  those 
found  by  calculation.  The  indicated 
lowering  of  experimental  efficiency 


is  explained  by  Increased  losses  in  the  nozzle  and  moving  cascades  and  leakages 


over  the  shroud  and  in  the  root  clearance,  and  also  at  the  nozzle  cascade  exit  of 


the  first  stage  and  through  the  seals  of  the  nozzle  box  of  the  second  stage.  The 
design  with  the  bypass  channel  (Fig.  191a)  is  more  economical,  since  the  leakages 
at  the  exit  of  the  first  stage  are  partially  trapped  by  the  nozzle  box  of  the 


second  stage. 


For  increasing  efficiency  at  small  x^,  another  method  can  also  be  used:  the 
Installation  of  a  vaned  diffuser  behind  the  stage  will  make  it  possible  to  displace 
the  region  of  maximum  efficiency  of  single-wheel. stages  to  the  zone  of  -  C.3-0.4 

with  full  input.  With  partial  input,  the  optimum  x  ^  of  a  stage  with  a  vaned 
diffuser  will  naturally  be  even  lower. 
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§  52.  SUPERSONIC  DOUBLE-WHEEL  STAGES 


In  the  practice  of  stationary  and  marine  turbine  construction,  supersonic 
double-wheel  stages  have  been  employed  for  sometime.  The  first  experimentally 
investigated  double-wheel  stages  included  the  stages  produced  by  the  GE  firm. 

Figure  192  shows  the  flow  area  of  one  of  the  GE  stages  which  consists  of  a 
supersonic  nozzle  cascade  with  divergent  channels  and  old-type  moving  cascades  (with 

rectilinear  leading  and  trailing  edges  on  the  back 
and  channels  of  almost  constant  width). 

Systematic  tests  of  this  stage  were  conducted 
at  MEI.  The  basic  geometric  characteristics  of  the 
test  stage  are  given  in  Fig.  192a. 

Curves  of  the  Internal  efficiency  of  the  stage 
at  various  heat  drops  for  full  steam  input  are 


Fig.  192.  Investigation  of 
double-wheel  stage  No.  115: 
a’  ?low  area  of  stage  No. 
115;  b)  Internal  efficiency 
of  stage  with  full  steam 
Input  at  various  e  =  P2/Po> 


shown  in  Fig.  192b.  Figure  151b  illustrates  curves 
of  t)oi  for  the  same  stage,  but  with  a  subsonic 
nozzle  cascade  (with  convergent  channels).  A  com¬ 
parison  shows  that  the  efficiency  of  the  GE 
supersonic  stage  was  considerably  lower  than  that 
of  the  subsonic  variant.  Under  design  conditions, 
corresponding  to  the  pressure  ratio  e  «  0.15  (MQ  « 

*»  2.0),  the  maximum  efficiency  of  the  supersonic 
variant  amounts  to  0.64,  and  the  subsonic,  at 
e  »  0.55  (Mq  «  1.0),  is  equal  to  O.71,  However,  if 
a  comparison  is  made  of  the  two  variants  at  e  «  O.13 
the  effectiveness  of  the  supersonic  stage  turns  out 
to  be  higher.  Already  these  first  experiments 
confirm  the  expediency  of  the  special  development 
of  double-wheel  stages  for  supersonic  velocities. 

At  the  same  time,  as  may  be  seen  from  the 


graphs  in  Fig.  192b,  the  stage  with  the  supersonic 
nozzle  is  very  sensitive  to  changes  of  conditions  (s  or  MQ).  As  the  heat  drop 
available  on  the  stage  decreases  (as  e  increases),  the  efficiency  of  the  stage  is 
sharply  lowered.  Thus,  at  e  =  0.15,  qo.L  =  0,64,  and  at  e  =  0.7,  the  efficiency 
drop.';  twice,  to  O.55, 


Such  an  abrupt  change  of  the  efficiency  of  the  supersonic  stage  under  variable 
conditions  la  explained  mainly  by  the  corresponding  behavior  of  the  nozzle  cascade 


with  divergent  channels,  which  is  very  sensitive  to  changes  in  the  pressure  ratio 
S1  =  Pi/Po  (concJitions)*  Actually,  by  comparing  the  curve  of  £  =  1  -  <?2  for  the 
nozzle  cascade  (Fig.  25)  with  the  curves  of  stage  efficiency  depending  upon  e,  one 
can  be  certain  that  they  are  practically  equidistant.  Consequently,  the  efficiency 
of  the  entire  stage  under  variable  conditions  to  a  considerable  extent  is  determined 
by  the  losses  in  the  nozzle  cascade.  Hence,  it  may  be  concluded  that  improvement 
of  the  nozzle  cascade  may  essentially  increase  the  efficiency  of  a  double-wheel 
stage,  not  only  under  design  conditions,  but  also  under  variable  conditions. 

An  illustration  of  these  statements  is  the  work  of  the  Kaluga  Turbine  Plant  on 
the  improvement  of  the  nozzle  cascade  of  a  double-wheel  supersonic  stage.  The  flow 
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Fig.  195-  Flow  area  part  of  KTZ  double-wheel 
stage.  Radial  clearances  in  seals  0. 4-0.7  mm; 
front  open  axial  clearances  1. 3-1.8  mm,  rear  - 
2.5-3  mm. 


area  of  the  investigated 
stage  and  its  basic  dimensions 
are  shown  in  Fig.  193 •  The 
profiles  of  the  first  moving, 
rotating,  and  second  moving 
wheels  are  reproductions  of 
the  well-known  MEI  combination 
of  the  KC-1A  subsonic  stage 
(see  Chapter  V)-.  The  nozzle 
cascade  was  manufactured  in 


four  variants  (Fig.  194 ) .  The  first  variant  (Fig,  194a)  has  cylindrical  shrouds, 

and  profiles  of  type  TC-1P  form 
divergent  channels  with  an  expansion 
ratio  of  f  =  1.5.  The  design 
number  is  «2.01  (e^  =  0.1 55).  The 
profile  chord  of  the  nozzle  cascade 
was  very  large  (b_^  =  100  mm)  and 
the  relative  height  was  =  0.12. 

In  connection  with  the  great 
length  of  the  chord  and  the 
relatively  small  cascade  diameter, 
the  channel  sections  vary  greatxy 
with  respect  to  length:  the 
channels  take  on  a  complicated 
three-dimonsionsl  curvature.  It 


Fig.  194.  Variants  of  nozzle  cascades  of 
double-wheel  stages  tested  by  KTZ:  a)  with 
cylindrical  contours,  welded ;  b)  with  two- 
dimensional  channels;  c)  with  profiled  chan¬ 
nels;  d)  with  axially  symmetric  channels. 


should  be  noted  that  for  this  variant,  as  also  for  all  the  others,  the  profile 
chord  was  selected  so  large  without  a  proper  basis. 

The  second  variant  of  a  nozzle  cascade  with  the  same  profile  was  manufactured 
with  two-dimensional  vane  channels  (Fig.  194b The  three-dimensional  curvature  of 
the  nozzle  cascade  is  attained  due  to  the  fact  that  the  profile  generatrices,  which 
belong  to  the  adjacent  channels,  are  inclined  to  one  another  at  an  angle  equal  to 
pitch  angle  of  the  cascade.  The  cross  section  of  the  channel  is  right-angled  along 
the  length.  The  end  planes  that  bound  the  channel  are  oriented  in  space  so  that 
the  axis  of  the  stream  is  tangent  to  the  mean  circumference.  This  cascade  has  a 
somewhat  smaller  channel  divergence,  f  =  1.31, 

The  third  n  *zzle  cascade  is  manufactured  with  the  same  profile,  but  it  has 
specially  profiled  shrouds  in  the  meridional  plant  (Fig.  194c)  which  ensures  the 
location  of  the  skeleton  line  of ' the  profile  in  its  end  sections,  in  one  plane. 

The  fourth  and  fifth  variants,  i.e.,  conical  divergent  nozzles  (Fig.  194d), 
have  a  smoothly  outlined  subsonic  section.  Thus,  as  also  for  single-wheel  stages 
(§  5 1)j  for  the  purpose  of  decreasing  edge  losses  here,  the  exit  sections  of  the 
channels  have  a  mutual  cutoff.  The  velocity  values  in  the  cutoff  region  in  the 
adjacent  channels  are  practically  identical.  The  axes  of  the  channels  are  orlented- 
approximatoly  on  a  tangent  to  the  mean  circumference  of  blades  of  the  first  row. 

The  cone  angle  is  assumed  to  be  small  (7C  »  5°).  Variants  four  and  five  differ 

only  by  the  nozzle  angle  (a,c  *  15°  and  *  17°). 

The  results  of  the  tests  of  the  five  stages,  under  conditions  close  to  design, 
are  shown  in  Fig.  195.  It  follows  from  a  comparison  that  the  last  three  variants 

(nozzle  cascade  with  profiled 
shroud,  conical  nozzles),  the 
third,  fourth,  and  fifth,  have 
approximately  identical  efficiency 
and  it  is  considerably  higher 
than  that  of  the  first  and  second. 
The  increase  of  efficiency 
amounts  to  2-4$  as  compared  to 
variants  one  and  two. 

It  should  be  emphasized 
that  the  KTZ  double -wheel  velocity 
stage  with  drilled  conical 
nozzles  turned  out  to  bo  loss 


Fig.  195.  Dependence  of  the  efficiency  of 
KTZ  double-wheel  supersonic  stages  on  x^ 

with  a  constant  heat  drop  on  the  stage.-  1  - 
stage  No.  1  (welded  nozzle  cascade  with  cylin¬ 
drical  contours);  2  -  No.  2  (two  dimensional 
channels);  5  -  No.  3  (with  profiled  contours); 

4  —  No.  4  (drilled  nozzles);  5  -  No.  9  (drilled 
nozzles ) . 


o 
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sensitive  to  changes  in  heat  drop  than  stage  No.  113  (Fig.  192),  which  is  clear 

from  the  graphs  in  Fig.  196. 

The  efficiency  obtained  by  the  plant 
for  double-wheel  supersonic  stages  with  low 
blade  height  (l^  =  11.9-18.2  mm)  are  by 
far  not  limitirig.  It  should  be  borne  in 
mind  that  the  moving  and  rotating  blades  of 
the  test  stages  had  subsonic  contours. 
Replacement  of  the  first  moving  cascade  by 
TP-1E  profiles  from  MEI,  which  are  designed 
for  work  at  low  supersonic  inlet  velocities 
(M^  £  1.25),  made  it  possible  to  increase 
the  stage  efficiency  by  1-2#  (relative). 

The  increase  in  efficiency,  as  a  result  of 
the  application  of  a  new  profile,  continues 


on  the  effectiveness  of  a  stage 
whose  nozzle  cascade  is  designed 
with  axially  symmetric  channels. 
Stages  No.  5  —  solid  lines  and  5&  — 
dotted:  1  —  stage  No.  5  —  x^  =« 

=  0.28,  No.  5a  —  x^  =  0.26;  2  — 

*  0.26;  3  -  x<fc  *  0.24;  4  -  X<fc  - 
=~0,24;  5  —  x$  =  0.22;  6  -  x#  « 

=  0.22;  7  —  X£  =  0.2;  8  -  x,£  - 
-0.18;  9 -*$-0.18. 


to  increase  as  x^  decreases,  which  is 


connected  with  the  increase  of  velocity  w^ 

(and  M^,  correspondingly)  in  relative  motion. 

The  KTZ  also  conducted  other  investiga¬ 
tions  of  supersonic  double-wheel  stages,  the 
geometric  characteristics  of  which  are  given  in  Table  14,  and  a  diagram  of  the  flow 
area  is  shown  in  Fig.  197a.  Transonic  stages  No.  1  and  2  are  similar  in  their 
geometric  parameters  to  the  MEI  KC-1A  stage  (§  25),  but  differ  from  it  by  the  ratio 
of  flow  areas.  Stage  No.  3  is  equipped  with  new  blading  which  was  specially 
developed  for  the  low  heights  (see  Chapter  I). 

The  efficiency  of  these  stages,  depending  upon  x^,  is  presented  in  Fig.  197. 

The  effectiveness  of  the  KTZ-MEI  supersonic  double-v/heel  stages  may  be  estimated  by 
moans  of  Fig.  198a.  These  experiments  once  again  confirmed  the  expediency  of  the 
application  of  axially  symmetric  nozzle  cascades  with  low  heights.  Expecially  impor¬ 
tant  in  this  case  is  the  fact  that  a  stage  with  axially  symmetric  nozzles,  constructed 
on  the  condition  of  minimum  wave  losses  and  losses  due  to  friction,  behaves  satis¬ 
factorily  under  variable  conditions.  Figure  198b  gives  curves  of  relative  efficiency 
for  these  stages;  the  curves  were  constructed  on  the  basis  of  tests  of  four  stages 
with  axially  symmetric  nozzle  cascades  which  differ  from  each  other  by  the  expansion 
ratio  of  the  supersonic  portion  of  the  channels.  As  can  be  seen  from  the  graph, 


) 
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nozzle  cascades  witn  axially  symmetric  channels  perform  satisfactorily  under  var 
iable  conditions. 


Table  14.  Geometric  Characteristics  of  Experimental  Stages 


Number  of  stages 


3  4  5 


Designation  of  characteristic 


Mid-diameter  in  mm  . 

Height  of  nozzle  cascade  in  mm  .... 

p* 

Area  of  throat  sections  in  cm  .... 

Degree  of  partial  admission  .......  . 

Profile  of  nozzle  cascade  . . 

Effective  outlet  angle  ............ 

Profile  of  cascade  of  first  wheel  . 

Profile  of  cascade  of  rotating  wheel 

Profile  of  cascade  of  second  wheel 

Expansion  ratio  of  channels  of 
nozzle  cascade  . . 

Relative  area  of  first  wheel  ...... 

Relative  area  of  rotor  apparatus  .. 

Relative  area  of  second  wheel  ..... 

Profile  chord  of  nozzle  cascade 
in  mm  . . 

Profile  chords  of  moving  and 

rotating  cascades  . 

Diameter  of  location  of  relief 
holes  in  mm  . . . . . 

Diameter  of  relief  hole  . 

Number  of  relief  holes  . 


800 
14.5 
45.2 
0.41 
TC-2A 
17°40 ' 
TP-1A 
TP-3A 
TP-5A 


550  55 

12.5  11 

7.41  14 

0.21  1 


8oo 

15.0 
58.2 
0.41 

TC-2A  TC-2EM  v— trie 

14°20 '  14°  17° 

TP-1A  TP-1EK  TP-1B 
TP-3A  TP-3Ak  TP-3A 
TP-5A  TP-5A  TP-4A 


p.42  4.o5 
45  41 


mvm 


Fig,  197.  Investigation  , 
of  KTZ  supersonic  double¬ 
wheel  stages:  a;  diagram 
of  flow  area  with  clearances 
in  seals  0. 5-1.0  mm  and  over¬ 
laps:  root  0.5-1. 5  mm  and 
peripheral  1,5-2. 5  mm;  b) 
dependence  of  stage  efficiency 
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Fig.  198.  Effectiveness  of  double-wheel  sub¬ 
sonic  and  supersonic  stages:  a)  dependence  of 
efficiency  of  stages  on  parameter  F„/Trd  'where 

F#  is  the  area  of  the  throat  sections  of  the 
nozzle  cascade);  b)  the  influence  of  Mq  numbers 

on  the  efficiency  of  stages  with  various  nozzle 
expansion  ratios:  Curves:  I  —  KTZ-MEI  velocity 
stage:  II  —  TsKTI  stage;  III  —  stage  No.  113. 
A—  A—  A—  f  =  1.48;  =  2.24; 

A  —  A  —  A— f  =  3.97;  O-O-O-f  =  4.17. 


The  sensitivity  of  a  stage  to  a  change  of  conditions  increases  as  the  design 
number  increases  at  the  calculated  expansion  ratio  f.  Thus,  for  instance,  for 
a  stage  with  a  nozzle  cascade,  f  =  1.48  (MQ  =  1.8),  a  20$  change  as  compared  to 


optimum  causes  a  3$  drop  in  economy.  For  a  stage  whose  .nozzle  cascade  has  f  —  4.17 


(M0  =  2.8),  a  corresponding  change  of  the  conditions  causes  a  lowering  in  economy 
by  18$.  This  result  is  distinctly  confirmed  by  graphs  of  the  change  of  losses  in 
a  nozzle  cascade  with  divergent  channels  (see  Chapter  I),  and  an  even  greater 
change  of  losses  is  observed  under  variable  conditions,  the  higher  f  is. 

In  comparing  the  effectiveness  of  the  three  supersonic  stages  (No.  4,  5,  and  6 


let  us  note  that  by  means  of  extrapolation  for  full  input  there  can  be  obtained  the 
following  maximum  values  of  efficiency  (Table  15). 


Table  15.  Effectiveness  of  Certain  Experimental  Stages 


Transonic 

Supersonic 

Characteristic  of  stage 

number  of  stages 

1 

2 

3 

4 

5 

6 

Maximum  efficiency  with  full 

inPut,  noi  max 

75.$ 

76$ 

75.5$ 

69.5$ 

73.7$ 

68$ 

Optimum  velocity  ratio, 

^onT 

0.29 

0.28 

0.27 

0.26 

0.28 

0.26 

Height  of  nozzle  cascade, 
l^,  in  mm 

14.5 

15.0 

11.4 

12.3 

11.9 

8.25 

The  data  given  in  Table  15  distinctly  show  that  supersonic  stages  can  have  an 


efficiency  on  a  level  with  the  best  transonic  and  subsonic  stages  if  the  flow  area 
Is  profiled  correctly.  The  transition  to  considerable  supersonic  velocities 


.  This  fact  is 


practically  does  not  change  the  optimum  velocity  ratio  x$onr, 
indirectly  confirmed  also  by  the  graph  in  Fig.  198b:  the  points  characterizing  the 
efficiency  of  the  subsonic  and  supersonic  stages  lie  on  one  curve,  *  f(F*c/ird). 

It  should  be  emphasized  that  the  available  experimental  data  confirm  the 
effect  of  height  on  the  efficiency  of  supersonic  double-wheel  stages,  which  turns 
out  to  be  less  considerable  than  that  for  subsonic  ones  (Table  15).  This  result 
Is  explained  by  the  decrease  of  end  losses  in  the  cascades  at  M  >  1  (  in  nozzle 
cascades  with  axially  symmetric  channels,  these  losses  are.  extremely  small). 

The  absence  of  normal  regularity  between  efficiency  and  the  basic  geometric 
dimensions  (height  and  diameters)  for  KTZ  stages  is  explained  by  their  particular 
design  distinctions. 

In  the  design  of  a  supersonic  double-wheel  stage,  an  important  role  is  played 
by  the  correct  selection  of  the  total  degree  of  reaction  and  its  division  along 
the  wheels. 

The  main  geometric  parameters  that  determine  the  degree  of  reaction  are  the 
cross-sectional  ratios  of  the  wheels.  Numerous  investigations  showed  that  these 
ratios  must  be  different,  depending  upon  the  type  of  nozzle  cascade  of  the  stage  and 
its  design  conditions. 

The  experiments  of  KTZ  and  MEI  also  showed  ways  of  further  improving 
double-wheel  supersonic  stages.  The  solution  of  this  problem  requires:  a)  the 
application  of  nozzle  cascades,  which  ensure  stably  high  efficiency  in  a  wide  range 
of  variation  of  conditions  with  respect  to  M  ^  (or  MQ);  b)  the  s'election  of  profiles 
for  the  first  rotating  wheel  and  second  wheel  of  the  stage,  for  which  the  selected 
M  numbers  and  entrance  angles  are  optimum;  c)  the  guarantee  of  optimum  reactions 
on  the  wheels  by  selecting  the  appropriate  areas  of  flow  sections  of  the  wheels. 

When  solving  this  problem,  MEI  developed  a  new  group  of  supersonic  double-wheel 
stages.  They  considered  that  the  possibility  of  employing  large  (supercritical) 
heat  drops  on  a  double-wheel  stage  with  sufficiently  high  efficiency  is  very 
tempting  not  only  for  creating  transport  machines,  but  also  steam  turbine  installa¬ 
tions  with  super-high  parameters. 

As  shown  by  the  investigation  of  the  influence  of  the  Mq  number  on  the  efficiency 
of  double-wheel  stages  KC-OA  and  KC-1A,  its  increase  in  the  beginning  leads  to  a 
growth  of  efficiency,  and  the,  with  the  transition  to  Mq  >  Mq#  (Mq#  is  the  critical 
M  number  for  the  stage),  the  efficiency  starts  to  decrease,  and  especially  intensely 
when  Mq  >  i  (see  Fig. 
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Aerodynamic  research  on  cascades  shows  that  subsonic  profiles  with  continuously 
variable  camber  which  form  convergent  channels  are  characterized  by  increased  losses 
at  supersonic  velocities. 

Consequently,  when  designing  a  double-wheel  stage  for  supersonic  drops,  it  is 
necessary  to  apply  special  supersonic  profiles  for  the  nozzle,  moving,  and  rotating 
cascades  (profiles  of  group  V). 

These  profiles  are  given  in  the  atlas  (see  also  Chapter  I). 

Furthermore,  considering  that  for  the  given  ratio  of  flow  areas  of  the  wheels, 
the  reaction  in  the  stage  (and  on  separate  wheels)  increases  as  MQ  increases; 
therefore,  it  is  necessary  that  such  stages  be  designed  with  large  area  ratios. 

Taking  into  account  the  results  of  the  indicated  investigations,  MEI  developed 
supersonic  double-wheel  stages  that  differ  by  the  angles  of  the  profiles  and  the 
heat  drops  used.  Experiments  conducted  in  certain  laboratories  made  it  possible  to 
estimate  the  effectiveness  of  some  of  the  new  variants. 

Depending  upon  the  used  heat  drop  and  the  angles  of  flow,  the  flow  areas  are 
composed  of  the  profiles  shown  in  Tables  ±6-18. 


Table  16.  Profiles  of  HC-OB  Double-Wheel  Stage 


Range 

Range 

of 

of 

Design  I 

1  number 

Cascade 

Profile 

Inlet 

outlet 

Area 

at  en- 

at 

angles 

angles 

ratio 

trance 

exit 

Nozzle 

TC-OBP 

_ 

11-14° 

1.0 

_ 

1. 8-3.0 

First  wheel 

TP-OEP 

16-18° 

15-17° 

1.6 

1.4-1. 8 

1.4-1. 8 

Rotating  wheel 
Second  wheel 

TP-2B 

TP-4A 

22-26° 

30-32° 

20-22° 

26-28? 

2.7 

.4.5 

0.9-1. 4 
0.7-0. 9 

1.1-1. 2 
0. 5-0.6 

Table  17.  Profiles  of  KC-1B  Double-Wheel  Stage 


Cascade 

Profile 

Range  Range 
of  of 

inlet  outlet 
angles  angles 

Area 

ratio 

[ 

Design  M  number 
at  en-  at 
trance  exit 

Nozzle 

First  wheel 
Rotating  wheel 
Second  wheel 

TC-1BP 

TP-1BP 

TP-3B 

TP-5A 

"  0  15-17° 
19-22°  17-18° 
27-30°  23-25° 
•38-45  29-31 

1.55-1.65 
2. 6-3-0 
3. 8-4. 5 

1.8-3. 0 
1.4-1. 8  1.4-1. 8 
0.9-1. 2  1.1-1. 2 
0.7-0. 9  0. 5-0.6 

Table  3.8.  Profiles  of  KC-2B  Double-Wheel  Stage 


Range 

of 

Range 

of 

Design  J 

number 

Cascade 

Profile 

inlet 

angles 

outlet 

angles 

Area 

ratio 

at  en¬ 
trance 

at 

exit 

Nozzle 

TC-2BP 

_ 

16-19° 

1.0 

1. 8-3.0 

First  wheel 

TP-2B 

25-27° 

24-26° 

1.56 

1.4-1. 8 

1.4-1. 8 

Rotating  wheel 

TP-3B 

30-33° 

30-33° 

2.86 

0.9-1. 4 

1.1-1. 2 

Second  wheel 

TP-5A 

42-50° 

38-45° 

4.5 

0.7-0. 9 

0. 5-0.6 

M 
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As  can  be  seen  fron  the  tables,  supersonic  double-wheel  stages  are  characterized 
by  higher  ratios  of  areas  of  flow  sections;  as  already  indicated,  upon  transition 
to  supersonic  velocities,  the  reaction  of  the  wheels  increases  and  therefore,  for 
maintaining  it  on  a  low  level,  it  is  necessary  to  increase  the  cross-sectional, 
areas  of  the  wheels. 

According  to  the  tables,  the  profiles  along  the  flow  area  consecutively  vary 
from  group  B  to  group  A  in  accordance  with  the  change  of  the  M  number  in  absolute 
and  relative  motion. 

The  KTZ  laboratory  obtained  the  characteristics  of  a  KC-1B  stage  with  a  diameter 
of  d^  =  700  mm  and  height  of  nozzle  cascade  -  15  ram  for  various  MQ  numbers  (heat 
drops).  In  connection  with  the  fact  that  the  given  stage  has  new  nozzle  and  moving 
cascades,  the  efficiency  of  the  stage  was  high  under  design  conditions  and 
relatively  weakly  variable  with  deviations  of  the  conditions  from  design. 

These  experiments  also  confirm  the  result  noted  in  the  preceding  paragraph  and 
in  Chapter  I  (see  §  7):  the  nozzle  cascade  for  Mcl  >  1  behaves  better  in  variable 
conditions,  if  the  outlet  angle  of  flow  is  variable. 

Of  importance  is  the  correct  selection  of  the  cascade  profile  of  the  first 
row,  the  pitch,  and  the  angle  of  incidence  of  the  profiles.  Experiments  show  that 
an  error  in  the  angle  of  incidence  of  the  profile  of  the  first  wheel  (incorrect 
selection  of  inlet  angle  P^)  can  lead  to  a  lowering  of  economy  of  the  stage  not 
only  in  design  conditions,  tut  especially  under  conditions  that  differ  from  design. 

§  33.  COMPARISON  SINGLE-WHEEL  STAGES  AND  VELOCITY  STAGES 

When  designing  a  turbine,  there  sometimes  arises  the  problem  of  selecting  the 
typo  of  stage,  e.g.,  single-wheel  or  velocity  stage.  Quite  frequently  it  is  en¬ 
countered  when  selecting  the  type  of  adjustable  stage.  In  this  case,  not  only  the 
typo  of  stage,  but  also  its  heat  drop  and  diameter  are  variable.  It  is  obvious 
that  the  selection  of  these  characteristics  is  influenced  by  many  factors: 

1.  The  economy  of  the  adjustable  stage  for  the  given  d,  hQ  and  volume  steam 
admission  GVq. 

2.  Change  of  the  economy  of  the  subsequent,  nonadjustable  stages  due  to  a 
change  of  the  heat  drop  of  the  adjustable  stage. 

3.  Change  of  steam  temperature  behind  the  adjustable  stage  and  the  problems 
of  metals  and  strength  that  arc  connected  with  this. 

*1 .  Change  of  turbine  dimensions  (or  the  high-pressure  portion  for  multicylinder 
machines)  and  the  problems  of  maximum  dimensions  of  forged  pieces,  critical  rotor 


speed,  and  others  connected  with  this. 

[>.  Change  of  steam  leakages  through  forward  end  sealing. 

6.  The  requirements  of  variable  operating  conditions  of  the  turbine. 

This  entire  set  of  questions  goes  beyond  the  scope  of  this  book;  however,  for 
its  solution  the  designer  should  have  comparative  data  at  his  disposal  for  solving 
the  problem  with  regard  to  points  1  and  6,  i.e.,  he  should  be  able  to  compare  the 
economy  of  a  single-wheel  stage  and  a  velocity  stage  under  identical  conditions. 
Inasmuch  as  in  the  majority  of  cases  this  problem  arises  in  stages  with  partial 
input,  the  designer  should  use  the  material  of  the  preceding  paragraphs  of  this 
chapter  for  its  solution.  For  a  first  estimate,  comparative  graphs  of  economy  are 
presented  below.  These  graphs  arc  only  comparative,  i.e.,  they  are  not  intended  for 
determining  the  efficiency  of  any  stage,  but  for  comparing  the  economy  of  a  single¬ 
wheel  and  double-wheel  stage  under  specific  operating  conditions. 

It  should  be  pointed  out  that  inasmuch  as  we  are  speaking  of  an  adjustable 
stage,  in  the  selection  of  the  type  and  parameters  of  the  stage  it  is  necessary  to 
consider  that  for  a  multistage  turbine  the  losses  (decrease  in  efficiency)  in  the 
first  stage  due  to  the  phenomenon  of  heat  return  are  less  than  in  the  subsequent 
stages  and  especially  in  the  last  stages. 

If  we  consider  a  turbine  with  intermediate  steam  superheating,  a  decrease 
in  the  efficiency  of  the  adjustable  stage  and  a  corresponding  increase  in  the 
temperature  of  the  steam  proceeding  to  the  secondary  steam  superheater  require 
a  smaller  expenditure  of  heat  for  seconds  superheating.  This  must  also  be 
considered  when  selecting  the  type  and  .  ..rameters  of  an  adjustable  stage. 

Figure  199a  and  b,  show  comparative  curves  of  the  relative  Internal  efficiency 
of  single-wheel  and  double-wheel  stages,  considering  all  losses  except  leakages 
through  the  end  sealing.  The  graphs  were  constructed  for  full  input  (e  =  1)  and 
three  partial  admissions  (e  =  0.75,  0.5,  and  0.25).  Stage  diameter  is  800  mm. 
Calculations  were  performed  for  KJJ-1-2A  and  KC-1A  stages  viith  identical  angle  . 
Tiie  pressure  rutio  was  e  =-  0.5  for  the  velocity  stage  and  e  =  0.7  for  the  single- 
wheel  stage.  The  stages  have  no  devices  for  lowering  losses  due  to  partial 
input.  The  number  of  nozzle  arcs  (pairs  of  ends)  i  -  1.  The  nozzle  cascade  does 
not  have  special  meridional  profiling,  and  the  diaphragm  is  welded. 
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Fig.  199.  Comparison  of  the  economy  of  single-wheel  (dotted  lines)  and  double-wheel 
(solid  lines)  stages,  depending  upon  x ^  and  partial  admission  e,  for  various  heights 

of  the  nozzle  cascade:  a)  l±  =  ±5  mm;  b)  l±  =  25  mm. 


On  the  basis  of  these  graphs  it  is  possible  to  make  the  following  conclusions: 

1.  For  definite  height  l±  and  degree  of  partial  admission  e  there  is  a  bound. 
of  u/c<f>>  below  which  the  double-wheel  stage  has  a  higher  efficiency  i]oi  than  the 
single -wheel  type. 

2.  Depending  upon  (when  15  S  l±  s  25  nun)  and  e  (0.25  5  e  5  1),  the  magnitude 

of  this  threshold  velocity  ratio,  x^  varies  from  0.j56  to  0.26. 

As  l ^  and  e  (volume  steam  admission)  increase,  x^  rp  increases. 

Figure  200  presents  graphs  that  were  recalculated  for  various  diameters  from 
d  =  700  mm  to  d  =  1100  mm,  and  constant  number  speed,  n  =  J000  rpm.  Calculation  of 
the  efficiency  curves  was  performed  under  the  same  conditions  as  the  previous  graphs. 
The  basic  feature  of  the  graph  in  Fig.  200  is  the  fact  that  it  indicates  efficiency 
for  optimum  partial  admission  of  the  stage,  eonT,  and  optimum  velocity  ratio,  x^onT. 

This  graph  makes  it  possible  to  compare  the  maximum  economy  of  stages  under 
the  given  conditions,  depending  upon  hQ  and  F^,  and  it  is  valuable  in  the  selection 
of  the  main  parameters  of  an  adjustable  stage.  However,  it  cannot  be  used  when  there 
is  a  deviation  of  the  stage  characteristics  from  optimum. 

It  is  obvious  that  under  other  conditions  (other  stage  combinations,  other 
speeds,  increase  of  number  of  input  arcs,  meridional  profiling  of  nozzle  cascade, 
and  so  forth)  it  is  possible  to  construct  analogous  graphs  by  using  the  material  of 
this  chapte.r. 
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Fig.  200  Comparison  of  the  economy  of 
single-wheel  (solid  lines)  and  double-wheel 
(dotted  lines)  stages,  depending  upon  the 


§  3h.  ADJUSTABLE  STAGES  OP 
EXTRACTING  TURBINES 

In  turbines  with  steam  extraction, 
for  production  and  heating.  In 
distinction  from  condensing  turbines, 
there  are  additional  steam-distributing 
elements  which  make  it  possible  to 
maintain  a  given  pressure  In  the 
extraction  chamber  by  means  of  regulating 
the  steam  admission  through  the  sub¬ 
sequent  stages  of  the  turbine. 

Most  Soviet  turbines  use 
regulating  rotary  diaphragms  for  this 
purpose;  they  consist  of  a  rotary  ring 


available  heat  drop  of  the  stage  h,,  and  the  .  . 

0  and  diaphragm  body  with  blades.  Rotary 

outlet  area  of  the  nozzle  cascade  F^. 

diaphragms  essentially  simplify  the 

turbine  design  (they  decrease  the  weight,  length,  and  work  capacity)  as  compared  to 
turbines  that  have  valve  steam  extraction  distribution. 

The  presence  of  steam-distributing  extraction  elements  leads  to  the  appearance 
of  regulating  stages  of  medium  and  low  pressure. 

In  turbine  construction  practice,  various  types  of  rotary  diaphragms  are 
employed  for  extracting  turbines,  which  are  equivalent  to  triple-valve,  double-valve 
and  single-valve  (throttle )  regulation. 

A  regulating  stage  with  rotary  diaphragm,  both  single-valve  and  mu] ti-valve, 
consists  of  a  rotary  split  ring  1,  a  stationary  split  diaphragm  2,  and  a  rotor 
wheel  3  (see,  for  instance.  Fig.  201b,  and  Fig.  202).  The  rotary  ring  has  ports 
that  are  evenly  arranged  around  the  circumference.  The  number  of  ports  in  the  ring 
can  be  equal  to  the  number  of  nozzle  channels  in  the  diaphragm  or  less.  In  the 
last  case,  one  channel  of  the  throttle  regulates  the  gas  flow  in  two  (or  more) 
nozzle  channels. 

In  distinction  from  valve-type  steam  distribution,  the  nozzle  cascade  in  th. 
stage  with  the  rotary  diaphragm  is  located  directly  behind  the  throttle  channels. 

Some  of  the  kinetic  energy  of  the  flow  coming  from  the  throttle  slot,  with  partial 
opening  of  the  nozzle  channels,  may  be  used  on  the  rotor  wheel. 
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Fig.  201.  Dependences  of  losses  in  nozzle  cascades  with  rotary  diaphragm  for 
three  profile  variants  A,  E,  B:  .a)  on  the  pressure  ratio  e^  for  different 

degrees  of  opening  6;  b)  on -the  degree  of  opening  6  for  e±  =  0.35. 


Pig.  202.  Change  of  the  efficiency 
of  a  regulating  stage  with  rotary 
diaphragm  (solid  throttle),  depending 
on  the  pressure  ratio  e  for  various 
degrees  of  opening  b. 


At  the  same  time,  the  throttle 
channels  can  be  designed  as  a  direct 
continuation  of  the  nozzle  channels.  The 
thickened  profiles  of  this  cascade  are 
cut  in  a  plane  perpendicular  to  the  axis 
of  the  stage,  and  their  leading  edges  1 
form  the  throttle  channels  (Fig.  201b). 

This  type  of  steam  distribution  may  be 
called  direct  steam  distribution  with  a 
one-piece  throttle. 

The  throttle  channels  (rotary  ring) 
are  also  designed  separately  from  the 
nozzle  cascade  (Fig.  202).  The  one-piece 
nozzle  blades  are  separated  from  the 
rotary  ring  by  intermediate  struts  4.  The 
rotary  ring  and  the  struts  may  be  inclined. 
This  type  of  steam  distribution  may  he 
called  direct  with  a  divided  throttle. 

A  laboratory  investigation  was  carried 
out  on  an  H#  rotary  diaphragm  of  the 


1  >0-3 00  Mw  turbine  series  of  thej  Ural  Turbine  Plant  (T-50-130,  IIT-50-130/7,  T-100-130 ) 


which  is  equivalent  to  ^single-valve  steam  distribution.  It  consists  of  a  rotary 
ring  and  a  stationary  diaphragm  with  nozzle  blades  (Fig.  201b).  In  this  diaphragm 
the  nozzle  cascade  follows  directly  behind  the  -rotary  ring.  As  it  was  shown,  with 
partial  opening  of  the  channel  at  the  entrance,  this  makes  it  possible  to  most 
effectively  use  the  kinetic  energy  of  the  flow  caning  from  the  throttle  siot. 

The  investigation  of  the  cascades  of  rotary  diaphragms  under  static  conditions 
and  in  an  experimental  steam  turbine*  made  it  possible  to  determine  their 
aerodynamic  characteristics  and  to  work  out  recommendations  for  designing  improved 
variants.  Figure  201a  andJb,  show  diagrams  Of  three  cascade  variants  with  a  solid 
throttle,  v/hich  were  tested  by  TMZ  under  static  conditions,  and  the  energy  loss 
coefficient,  depending  upon  the  degree  of  opening  and  the  pressure  ratio.  With  the 
decrease  of  the  degree  of  opening,  the  cascade  losses  intensely  increase.  As  the 
pressure  drop  in  the  cascade  increases  (as  decreases),  when  6=1,  the  losses 
increase;  with  partial  opening,  they  decrease.  The  character  of  curves  of  £(e,j.) 
for  6  =  0,15-0.5  is  analogous  to  the  loss  curves  for  cascades  with  divergent 
channels  (Fig.  25).  It  may.  be  considered  that  the  flow  processes  are  qualitatively 
identical  in  the  cascades  of  a  rotary  diaphragm  with  partial  openings  and  in 
cascades  with  divergent  channels  under  off-design  condition.'.  Actually,  the  increase 
losses  in  divergent  channels  is  connected  with  the  formation  of  shocks  and  separations 
(§7).  A  detailed  analysis  of  the  flow  structure  in  cascades  of  rotary  diaphragms 
distinctly  shows  that  behind  the  slot  In  the  channel  there  appear  shock  waves,  and 
the  flow  around  the  back  and  partially  concave  surface  at  the  entrance  is  detached. 

For  decreasing  the  losses  with  partial  operings  it  is  necessary  to  design  the 
channels  in  such  a  way  that  the  zones  of  separation  are  of  minimum  length.  As 
shown  by  experiments,  the  solution  of  this  problem  is  attained  by  means  of  covering 
the  channels  in  the  direction  of  the  concave  surface  (variant  A,  Fig.  201b),  rounding 
the  edges  of  the  throttle  strut  (variant  B,  Fig.  201b),  the  application  of  slanted 
ontrance  sections  (at  *in  angle  of  60-70°,  variant  B,  Fig.  201b),  decrease  of  the 
convergence  of  the  channels  (variants  B  and  B),  and  design  of  the  exit  sections 
of  the  profile  according  to  group  B  profiles  (Table  1), 

In  a  number  of  cases,  on  the  basis  of  technological  considerations,  the  entrance 
in  the  channel  of  the  rotary  diaphragm  is  straight  (variant  B).  For  increasing  the 
inj.d-rn<Uus  of  curvature  of  the  concave  surface,  it  is  necessary  that  the  length  of 


*Tho  work  b is  carried  out  Jointly  by  TMZ  and  MEI. 
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the  npzzle  channel  along  the  center  line  he  Selected  somewhat  larger  than  in  a 
cascade  with  slanted  entrance. 

The  new  profiles  of  rotary  diaphragms,  that  were  designed  according  to  these 
recommendations,  with  full  opening  (M^  =  0.3)  have,  small  profile  losses;  the  profile 
with  the  slanted  entrance  section  has  £  =•  3;2$;  the  prof  ile  with}  the  straight 

*\r 

entrance  section  has  ?np  =  3.7$>. 

A  comparison  of  the  losses  in  the  initial  variant  (variant  a  dii-  Fig,  201)  and 
in  improved  variants  (B  and,  B)  distinctly  shows  the  ^essential  advantages-,  of  the 
latter  both  under  design  conditions,  and  also  with  decreases  pressure  drops  in  the 
cascade  (Fig.  201b). 

An  experiment  also  showed  that  rotary  diaphragms  with  a  solid  throttle  are 

*  C'  V  ‘  _ 

characterized  Xj  significantly  smaller  losses  as  compared  to  the  frequently 
applied  diaphragms  with  a  divided  throttle.  This  result  is  obvious,  since  in  the 
cascade  with  divided  throttle  a  considerable-  part  of  the  kinetic  energy  of  the  flow 
at  the  throttle  outlet  is  annihilated  -before  the  nozzle  cascade.  In  the  cascade 
with  solid  throttle,  annihilation  of  the  energy  of  the  flow  occurs  to  a  lesser 
degree . 

Experiments  in  static  conditions  made  it  possible  to  determine  the  flow  rate 
coefficients,  u  =  p(6).  The  results-  of  the  experiments  confirm  that  in  the  zone 
of  operating  conditions  (e^  <0.5)  the  flow  rate  coefficient  p,  practically  does 
not  depend  on  the  pressure  ratio  and  the  Reynolds  number,  and  can  be  determined  by 
the  formula 


and 


Here 


*"K 

I1  I *«/  for  ^  P  ~c~  • 

1  u 


a 


whore  (i,  (<t  arc  the  actual  and  theoretical  flow  rates  through  the  cascade; 

Pq  «  0.98  is  the  flow  rate  coefficient  with  full  opening; 

P0  and  F.  are  the  inlet  area  (with  full  opening)  and  the  throat  area  of  the 
'  x  nozzle  channel; 

f  is  the  contraction  ratio  of  the  stream  flowing  from  the  throttle 
slot,  which  varies  within  the  following  limits: 


A .  1.0  0.8  0.5  (1.25  0.1 

I  .  1.0  0,935  0,81  0,90  0.98 
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B  =  0.661  is  the  discharge  coefficient;  qQ  is  the  given  flow  rate. 

An  important  circumstance  for  the  heat  calculation  of  a  stage  is  the  established 
dependence  of  the  outlet  angle  of  flow  from  the  cascade  on  the  degree  of  opening. 

As  0  decreases,  the  angle  first  weakly,  and  then,  at  small  6,  very  intensely, 
decreases  [40], 

For  obtaining  reliable  experimental  data  on  the  effectiveness  of  a  regulating 
stage  with: rotary  diaphragm,  a.  model  of  .such  a  stage  was  tested  in  an  -experimental 
steam  turbine.  The  basic  characteristics  of  the  model  stage  are  given  in  Table  19.. 


Experiments  were  conducted  by  ME I  and  TMZ  for  various  diaphragm  openings 
and  pressure  ratios,  e2  =  P2/Pq*  The  corresponding  results  are  shown  in  Fig.  202 
and  20J.  The  dependence  of  internal  efficiency  on  x^  =  u/c  ^  and  the  degree 
of  opening  6  qualitatively  coincide  with  the  corresponding  curves  for  stages  with 
partial  input.  As  5  decreases,  the  efficiency  of  the  stage  decreases,  whereby  the 
maximum  values  of  t)q1  are  displaced  in  the  direction  of  smaller  x^.  The 
efficiency  of  the  stage  essentially  depends  on  e  (Fig.  202  and  203),  whereby  with 
the  growth  of  the  pressure  drop  to  a  definite  e,  the  efficiency  sharply  increases. 

The  character  of  the  change  cf  stage  losses,  1  -  r)oi,  depending  upon  8,  is  analogous 
to  corresponding  curves  for  a  nozzle  cascade  (Fig.  201a).  This  circumstance  gives 
us  a  basis  to  confidently  use  the  data  of  static  tests  of  rotary  diaphragms  for  stag-, 
calculation. 

It  was  experimentally  established  that  with  the  decrease  of  the  degree  of 
opening,  b,  the  reaction  in  the  stage  increases.  It  may  be  considered  that  this 
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behavior  of  the  reaction  is  explained  by  the  sharp  decrease  in  velocity  behind  the 
nozzle  cascade,  c,, ,  and  consequently,  the  growth  of  the  entrance  angle  of  flow  to 
the  moving  cascade,  0^. 


■Fig.  203.  Dependence  of  losses  in  a  stage  with 
rotary  diaphragm  (1  -  t)q1)  in  the  degree  of  open¬ 
ing  6  and  the  pressure  ratio  e,  (£?  «  8  for  variant  I). 

Of  considerable  interest  is  a  comparison  of  the  effectiveness  of  three  types 
of  regulating  stages:  I  -  with  partiul  input;  II  -  with  rotary  diaphragm  and 
solid  throttle;  III  —  with  divided  throttle.  The  available  experimental  data  show 
that  the  stage  with  rotary  diaphragm  and  solid  throttle  occupies  an  Intermediate 
position  and  has  Indubitable  advantages  upon  comparison  with  purely  throttle-type 
steam  distribution. 

A  considerable  increase  in  the  efficiency  of  a  regulating  stage  with  rotary 
diaphragm  and  solid,  throttle  may  be  attained  by  the  application  of  deflectors 
which  cover  the  angle  on  the  back  or  concave  surface  with  partial  openings*  (Fig. 

203).  Variant  II  in  Fig.  203,  in  a  wide  range  of  variation  of  the  degree  of  opening, 

'‘The  design  for  a  rotary  diaphragm  was  proposed  by  M.  Ye.  Deych  and  V.  V.  Frolov. 
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has  an  essentially  higher  efficiency  than  variant  I.  Physically.,  this  result  is 
explained  by  the  fact  that  a  decrease  of  the  losses  in  the  ^  rottle  with  the 
application  of  deflectors  leads  to  an  increase  of  the  kinetic  energy,  behing  the  nozzle 
cascade,  v;hich  is  utilized  on  the  moving  cascade. 


o 


CHAPTER  VII 

STAGES  WITH  LARGE. HARE 

§  35.  STRUCTURE  OF  FLOW  IN  ANNULAR  CASCADES  WITH  LARGE 
FLARE  AT  SUBSONIC  VELOCITIES 

In  annular  cascades  with  „mall  d/i  ratio,  the  flow  o'1'  -gas  has  a  three-dimensional- 
gradient  character.  Its  essential  features  are:  a)  the  presence  of  longitudinal, 
transverse,  and  radial  pressure  gradients  in  the  channels  and  behind  the  cascade; 
l>)  intense  variation  of  parameters  and  velocities  mainly  along  the  radius,  and  also 
in  circumferential  and  axial  directions;  c)  nonuniform  spatial  distribution  of  energy 
losses  in  channels  and  behind  cascade. 

The  flow  is  formed  in  the  vane  channels  of  the  nozzle  cascade.  Due  to  the 
rotatlo ,  of'  flow  inside  the  channel  ("twisting")  there  will  form  transverse  and 
radial  pr>  ,;«ure  gradients, *  while  longitudinal  gradients  appear  in  connection  with 
the  pressure  drop  on  the  cascade.  Consequently,  before  it  leaves  the  cascade,  the 
flow  obtains  a  structure  v/hosc  specific  features  are  connected  with  the  curvature  of 
the  vane  channels,  i.c.,  with  the  twisting  of  the  flow. 

Spatial  nonuniformity  of  pressure  fields  in  the  channels  causes  complicated 
secondary  motions  in  the  boundary  layers  on  the  forming  surfaces  of  the  channels. 

Let  us  consider  the  basic  pattern  of  secondary  flows  which  is  represented  in 
Fig.  .  The  middle  blade,  which  is  ».cpicted  by  the  dotted  line,  and  also  the 
upper  shroud,  arc  thought  to  be  transparent,  which  makes  it  possible  to  note  the 
pattern  of  the  flows  on  the  concave  surface  and  on  the  upper  shroud.  • 


“In  examining  the  causes  of  the  appearance  of  a  radial  gradient,  it  should  be 
borne  in  mind  that  the  flow  at  the  exit  moves  In  a  field  of  centrifugal  forces. 
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Under  the  action  of  excess 


T 

, 


O  tO  20  }p  */  U  O  10' C3  to  t.X 


Fig.  204.  Diagram  of  gas  flow  in  boundary 
layers  of  blades,  and  distribution,  of 
parameters  obtained  by  measurement  at  a 
distance  of  0.l6b1  behind  a  cascade  with 

cylindrical  contours  at  =  0.7  and'  Re,.  = 

4*10')j  0  =  2.88  (experiments  of  L.  Ye. 
Kiselev,  MEI). 


pressure,  on  the  concave  surface  there 
occur  leakages  in  the  boundary  layers 
on  the  upper  and  lower  shrouds,  to  the 
back  of  the  adjacent  profile.  Con¬ 
sidering  the  direction  of  the  radial 
pressure  gradient  (to  the  axis  of 
the  cascade),  it  is  possible  to  affirm 
that  the  peripheral  motion  of  u.e 
boundary  layer  on  the  concave  surface 
at  the  blade  vertex  will  be  hampered: 
the  transverse  and  radial  pressure 
gradients  excite  motion  in  the 
boundary  layer  in  different  directions. 
In  the  root  sections,  the  influence 
of  these  pressure  gradients  will  be  in 
one  direction.  Consequently,  the 
radial  gradient  in  the  upper  sections 
hampers  the  secondary  flow  of  the 
layer  on  the  concave  surface,  while  in 
the  root  sections  it  intensifies  this 


fl>w. 

On  the  back  of  the  blade,  at  the  vertex  and  in  the  root  section,  the  gradient 
promotes  intensification  of  the  secondary  flows,  since  it  displaces  the  boundary 
layer  in  a  direction  to  the  cascade  axis.  The  region  of  secondary  flows  at  the 
vertex  is  then  displaced  to  sections  of  average  height,  and  in  the  root  part  of  the 
blades  to  the  shroud.  The  last  circumstance  leads  to  a  sharp  swelling  of  the  layers 
in  the  root  sections  and,  Jn  certain  cases,  to  separation. 

Those  features  essentially  determine  the  structure  of  the  flow  behind  the 
cascade.  An  example  of  the  distribution  of  velocities,  static  and  total  pressures, 
angles,  and  losses  along  the  radius  behind  an  annular  nozzle  cascade  with  blad'-s 
having  constant  chord  along  the  height  (0  =  2.88,  =  3.1  mm),  which  are  mounted 

with  inclination  toward  the  flow  with  a  continuous  flow  at  root,  is  shown  in 
Fig.  204. 


Hero  one  may  distinctly  see  the  intense  increase  of  losses  In  the  root  and 
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peripheral  sections,  whereby  the  zone  of  increases  losses  amounts  to  about  15#  of 
the  height . 

In  the  peripheral  sections,  the  radial  extent  of  the  zone  of  increases  losses 
is  approximately  the  same.  This  result  is  explained  by  the  less  intense  secondary 
flows  in  the  root  sections  in  connection  with  the  inclination  of  the  blades  toward 
the  flow  (7  =  +  13°). 

Theoretical  and  experimental  investigations  of  annular  nozzle  cascades 
distinctly  showed  that  at  small  0  in  the  root  sections  there  can  occur  separation. 
According  to  the  theoretical  data  of  K.  Bammert-  and  H.  Klaukens,  separations  in 
the  root  sections  inside  a  cascade  are  sometimes  ri  served  when  0  £  3  to  3.5. 
Separations  form  behing  a  cascade  at  larger  values  o<  0.  Corresponding  calculations 
showed  [653  that  the  critical  quantity,  0Kp,  .  depends  on  the  outlet  angle  of  flow  . 
a ^  and  the  number.  'Figure  205a  gives  a  curve  for  ^Kp(“ln)  (a^n  is  the  outlet 
angle  of  flow  at  the  vertex)  which  was  obtained  in  reference  [±3l].  According  to 
these  data,  as  «^n  increases,  the  value  of  0Kp  decreases;  consequently,  separation 
appears  at  smaller  0. 

The  cause  0/  /separation  in  an  annular  cascade,  according  to  K.  Bammert  and 
H.  Klavkens,  consists  in  the  following.  With  an  increase  of  cascade  flare  (a 
decrease  of  0  =  d/l )  and  rn  =  const  for  a  constant  pressure  drop  pQ  -  plK  In 
the  root  section  and  outlet  angle  at  the  vertex  the  pressure  drop  at  the 

vertex  will  decrease.  The  velocity  at  the  vertex  c^  then  decreases,  and  together 
with  It  the  axial  component,  c&  ln  =  c1,[  sin  aln  .  Considering  a  cascade  with,  a 
uniform  field  of  axial  outlet  velocities,  it  is  simple  to  make  the  conclusion  that 
the  volume  flow  rate  through  the  cascade,  which  is  equal  to 

Q  —  Fcia  —  2.ir-  jq  _  j  j3  c ,3. 

whore  rK  is  the  radius  of  the  root  section,  will  be  an  extreme  function  of  0  =  d/l, 
since  with  the  decrease  of  0,  the  magnitude  of  c^  decreases,  and  rK  increases. 

As  a  characteristic  of  the  change  of  the  flow  rate  through  the  cascade,  the 
authors  of  [131]  look  the  dimensionless  set 

Aj>  = 
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(or  I/Ap),  the  change  of  which,  depending  upon 
rK  /rn  =  ®  -  1/®  +  is  shown  in  Fig.  205b 
for  two  methods  of  twisting  the  nozzle  blades 
(clir  =  const  and  =  const).  The  aot-dash 
line  differentiates  the  region  of  continuous 
and  separated  flow-  in  the  cascade  and  makes  it 
possible  to  establish  the  critical  value  of 
0Kp,  which  is  shown  in  Fig.  205a. 

A  corresponding  diagram  of  -separation  is 
illustrated  in  Fig.  206.  In  the  opinion  of 
the  authors  of  [131],  the  lower  branch  of  the 
flow  rate  curve  corresponds  to  unstable  motion 
and  separation  should  occur  when  9  £  9  . 


4* &m!zL. 
r„, 


Zone  of  separation 


Mg.  205.  Characteristics  of  piK'  2°<?.  Diagram  of  the  appearance  of 

separation  of  flow  in  an  annular  separation  of  flow  in  the  root  sections  of 

-cascade:  a)  dependence  of  crit-  an  annular  cascade,  according  to  h.  Bammert 

ical  ratio  (0V„  -  l)/(0„~  +  l)  „  and  H.  Klavkens,  and  the  distribution -of 

.  .  v  KP  v  KP  '  isobars  behind  the  annular  cascade. 

=  (rK/rn)Kp  °n  outlet  angle  of 

flow  a.  at  vertex b)  dependence  -r  ,  .  ..  .  ,  .  - 

in  _  This  diagram  of  the  formation  of  separatj.cn 

of  relative  pressure  drop,  lg  Ap, 

on  hub-tip  ratio  rK/rn  =  is  not  satisfactory  because  it  is  not  connected- 

(0  1 )/(0  +  1)j  with  cul  *  with  the  physical  causes  that  determine  the 

=  const  -  (solid  curve)  and 

ai  =  const  -  (dashed  curve).  appearance  of  separation. 

Curves:  1  —  for  blades  mounted  .  , 

radially  along  the  flow;  2  -  for  First  of  all>  11  should  be  emphasized 

Inclined  blades.  ^  ^  ,  ,  ,  . 

that  the  theoretical  and  experimental  invest! - 

'  gations  of  separation  were  conducted  for  an 

isolated  nozzle  cascade  and  the  correspond.!  g 

conclusions  cannot  be  completely  extended  to  a  stage. 

Turning  back  to  the  physical  causes  that  explain  the  separation  of  flow  in 

the  root  section,  let  us  note  that  such  separation  is  possible  in  the  presence  of 


-535- 


diffuser  sections  of  flov/  in  the  slanting  shear.,-  or  behind  the  cascade.  Diffuser 
sections  in  the  slanting  shear  can  appear  only  as  a  result  of  incorrect  meridional 
profiling  of  the  cascade  or  due  to  secondary  motions  of  the  gas,  which  are 
caused  by  radial  and  transverse  pressure  gradients. 

A  diffuser  section  behind  an  isolated  nozzle  cascade  always  appears  as  a  result 
of  twisting  of  the  flow.  If  the  longitudinal  pressure  gradients  are  sufficiently 
great  there,  separation  of  flow  will  occur.  Positive  pressure  gradients  toward 
the  flow  increase  with  the  decrease  of  0  and  c^,  since  the  radial  difference  of 
pressures  and,  correspondingly,  the  difference  of  pressures  between  the  external 
medium  and  the  root  section  of  the  cascade,  increase  in  this  case. 

In  a  real  stage  under  design  conditions,  separation  of  the  flow  in  the  root 
section  in  many  cases  is  not  detected,  since  the  moving  cascade  "removes"  the 
twisting  and  balances  the  f'ela  of  static  pressures  on  a  short  <section  along  the 
axis  of  the  stage. 

It  should  be  emphasized  once  again  that  both  in  the  quoted  reference  [131], 
and  also  in  the  investigations  of  M.  Ye.  Levina  and  P.  A;  Romanenko  [65],  the 
seperation  detected  is  not  related  to  the  appearance  of  diffuser  sections  at  the 
cascade  hub.  On  the  basis  of  a  theoretical  consideration  of  the  problem,  a  statement 
can  be  made  about  the  fact  that  the  flow  rate  is  an  extreme  function  of  the  hub-tip 
ratio,  r},/rn  (Fig.  206) . 

At  the  same  time,  the  experiments  of  [65]  and  other  investigations  distinctly 
confirm  the  presence  of  diffuser  sections  behind  a  cascade  (Fig.  206),  The 
structure  of  the  flow  behind  a  cascade  in  the  presence  of  separation  in  the  root 
section  is  characterized  by  the  graphs  in  Fig.  207,  which  are  based  on  MEI 
"•pertinents  with  TC-1A  blades  of  constant  profile.  The  characteristic  distribution 
of  static  pressure  should  be  noted:  in  a  certain  section  p^  reaches  minimum  and 
then  increases  toward  the  root  (Fig.  207).  In  the  presence  of  separation,  the 
distribution  of  stagnation  pressures,  velocities,  and  angles  becomes  especially 
nonuni form. 

It  should  be  noted  that  the  appearance  of  separation  in  the  root  sections  leads 
to  the  appearance  of  considerable  radial  velocity  components,  since  the  flow  is 
driven  away  to  the  periphery  (Fig.  206).  The  outlet  angles  to  the  meridional 
plane,  v,  essentially  increase,  and  the  nonuniformity  of  distribution  of  v 
along  the  radius  increases. 
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Fig.  207.  Distribution  of  velocities,  static  and 
total  pressures,  angles,  and  stagnation  tempera- 
tures  in  various  sections  behind  a  nozzle  cascade 
with  the  appearance  of  a  separation  of  flow  in  the 

root  sections:  =  0.72;  Re.^  =  .5*10^;  9  =  2.88; 

ll  =  “instfi  =  15°;  “inset  =  10°’ 

Both  in  the  presence  of  separation,  and  also  with  a  continuous  flow,  in  the 
annular  space  behind  a  cascade  there  occurs  spin-up  of  the  flow,  in  the  process  of 
which  the  static  pressure  and  velocities  are  balanced,  and  the  angles  of  the 
velocity  vectors  increase.  The  region  of  separation  noticeably  increases  in  the 
radial  direction. 

The  character  and  intensity  of  the  spin-up  essentially  vary,  depending  upon 
the  method  of  the  experiment  and,  in  particular,  on  the  boundary  conditions 
provided  at  the  outlet  behind  the  cascade.  In  connection  with  the  reverse  inner  nee 
of  disturbances  in  the  subsonic  flow,  the  structure  of  the  flow  in  an  investigated 
section,  depending  upon  the  outlet  conditions  of  the  cascade,  will  noticeably 
change . 

Several  diagrams  of  the  organization  of  the  flow  behind  an  annular  cascade 
are  possible  (Fig.  208).  The  most  correct  are  diagrams  d)  and  e)  with  a  spin-up 
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compressor  cascade  III  or  with  a 
i-."'/-'". ‘//A j'-J  rotor  wheel  IV.  The  last  diagram 

y  |  j  j  y  l  j  |  fl  *  j  | 

^ 4r  Nj  -ft*-  i- '  corresponds  to  the  natural  conditions 

!!  ;|  J  J* 
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Fig.  208.  Various  diagrams  of  the  organ!-  necessary  conditions  behind  the  nozzle 
zation  of  flow  in  the  investigation  of 

annular  cascades.  cascade,  which  correspond  to  its 

various  operating  conditions  with  the 
change  of  u/c  The  installation  of  a  rotor  blade  apparatus  V  in  all  diagrams  on 

Fig.  208  may  change  the  entrance  of  flow. 

The  rotor  wheel  essentially  affects  the  structure  of  the  flow  behind  the 
nozzle  cascade,  since  it  spins  up  the  flow  arid  changes  the  character  of  the  flow 
rate  distribution  along  the  radius.  The  necessary  law  of  flow  rate  distribution 
can  be  carried  out  by  the  application  of  screens  II  or  washers.  An  analogous 
problem  was  solved  by  means  of  selecting  cylindrical  surfaces  for  the  hub  and 
outer  contour  of  different  length  (variant  cj. 

Unfavorable  results  are  given  by  testing  a  cascade  with  a  long  annular  offtake 
(variant  b).  With  such  organization  of  flow,  developed  separation  zones  and 
distortion  of  the  fields  of  static  pressures  and  velocities  are  observed,  which 
is  not  characteristic  for  the  cascade  in  the  stage.  Distorted  results  are  also 
obtained  with  the  use  of  diagram  a)  with  short  deflectors  behind  the  cascade.  In 
this  case,  the  flow  obtains  the  pressure  of  the  external  medium  directly  behind  the 
cascade,  which  distorts  the  field  of  pressures  and  velocities  in  the  investigated 
section. 

The  simplest  to  use,  diagram  c)  (Fig.  208),  requires  careful  preliminary 
adjustment,  whereby  the  length  of  the  boundary  surfaces  at  the  root  and  periphery 
should  be  varied  with  the  change  of  the  geometry  of  the  cascade  and  the  conditions 
of  flow. 

Special  attention  should  be  given  to  the  nonuniformity  of  distribution  of  the 
stagnation  temperatures  along  the  radius  behind  a  cascade;  this  nonuniformity  was 
established  in  all  experiments  conducted  at  MEI  with  annular  cascades.  The 


indicated  nonuniformity  is  confirmed  by  the  graphs  in  Fig.  207. 
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An  hypothesis  on  the  temperature  nonunifornitv*  in  nozzle  cascades  was 
expressed  hy  H.  E.  Deych  in  1957;  in  1961,  -t  was  confirmed  experimentally  at  MEI. 

As  can  he  seen  frem  Fig.  207,,  the  stagnation  temperature  behind  a  cascade 
increases  from  the  root  to  the  periphery,  whereby  the  most  intense  change  tQ1  is 
revealed  in  the  sections  located,  at  the  hub.  The  change  of  the  stagnation 
temperature  AtQi  in  percents  of  the  heat  drop  expended  in  the  cascade  amounts  to 
about  10-15#  at  »  0.7  and  Re^  *  5*10^  for  a  cascade  with  9  =  2.88. 

This  Important  feature  of  the  twisted  flow  behind  a  cascade  should  be  considered 
both  in  cascade  calculations,  and  also  in  the  treatment  of  experimental**  results. 

It  may  be  considered  that  the  temperature  nonuniformity**'  behind  a  cascade 
is  connected  with  the  vortex  effect  of  temperature  separation  of  gas,  which 
is  analogous  to  the  Rank  effect.  The  basis  of  this  effect  is  the  turbulent 
transfer  of  energy  by  the  vortex  moles  which  are  generated  in  a  flow  with  nonuniform 
velocity  distribution.  By  the  action  of  centrifugal  forces,  the  vortex  particles 
are  transferred  to  the  periphery,  whereby  the  total  energy  of  moving  gas  is 
also  increases. 

A  more  detailed  investigation  of  this  effect  is  given  in  §  41. 

§  36.  THE  INFLUENCE  OF  CERTAIN  GEOMETRIC  AND  PERFORMANCE  PARAMETERS 
ON  THE  CHARACTERISTICS  OF  ANNULAR  CASCADES  AT  SUBSONIC  VELOCITIES 

Let  us  consider  the  influence  of  certain  geometric  and  performance  parameters 
on  the  structure  of  flow  and  the  losses  in  an  annular  cascade. 

Let  us  turn  first  of  all  to  the  data  which  illustrate  the  possibility  or 
removing  separation  in  root  sections  in  cascades  with  various  flare.. (including 
those  for  6  <  0K^. ) . 

For  this  purpose  we  shall  consider  the  results  obtained  for  a  cascade  with 
9  =  2.88  (Fig.  209),  which  was  tested  with  various  blade  inclination,  and  also  other 
cascades  of  constant  chord  with  variation  of  the  angle  of  inclination.  Separation 
in  the  considered  cascade  could  be  removed  by  means  of  changing  the  blade  angle. 

Even  radial  blade  mounting  could  decrease  the  separation  zone.  Inclination  of  the 
blades  toward  the  flow  at  a  small  angle  7  led  to  a  sharp  decrease  of  losses  in  the 
root  sections  (Fig.  209). 

"With  respect  to  stagnation  temperatures. 

**For  calculation  of  the  velocities  behind  a  cascade,  according  to  experimental 
data,  tno  stagnation  temperature  at  the  entrance  is  usually  used,  which  can  lead 
to  noticeable  errors,  especially  in  the  root  sections. 

><**With  respect  to  stagnation  temperatures. 
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Fig.  209;  Influence  of  blade  inclination  on  distri¬ 
bution  of  losses  behind  a  cascade.  Blades  of  con¬ 
stant  profile  TC-1A;  0  =  2.83;  =  5.1;  aln  =  130; 

a1K  =  10°;  =  0.72;  Re^  =  4.5*105  (MEI  experiments). 

The  effect  of  blade  inclination  is  also  detected  when  determining  the  outlet 
angles  of  flow  behind  a  cascade  in  the  meridional  plane  v.  As  can  be  seen  from 
Fig.  209,  inclination  of  blades  toward  the  flow,  7  =  -14°,  leads  to  negative  angles 
v ,  i.e.,  to  the  appearance  of  radial,  velocity  components  directed  toward  the  cascade 
axis. 

Slight  inclination  of  blades  toward  the  flow  makes  it  possible,  due  to  con¬ 
traction  of  the  flow  toward  the  axis  of  rotation,  to  lower  the  losses  in  the  root 
sections  in  connection  with  a  decrease  of  the  intensity  of  the  diffuser  sections. 

In  this  case,  the  diagrams  of  static  pressure  behind  the  cascade  turn  out  to  be 
more  sloping  (the  intensity  of  change  of  the  reaction  along  the  radius  decreases), 
which  leads  to  a  decrease  of  twisting  of  the  rotor  blade. 

However,  it  should  be  emphasized  that  full  balancing  of  static  pressure  along 
the  radius  is  inexpedient,  since  in  this  case  it  is  practically  impossible  to  attain 
an  axial  outlet  of  flow  behind  the  stage  ( a 2  =  90°).  Consequently,  the  losses 
with  the  outlet  velocity  will  be  increases.  Furthermore,  large  angles  of 
inclination  of  the  nozzle  blades  lead  to  a  considerable  growth  of  profile  losses 
and  losses  in  the  peripheral  sections. 

As  an  Illustration  we  shall  consider  the  results  of  tests  of  four  annular 
cascades  (0  «  8)  with  various  angles  of  Inclination  of  trailing  edges:  7  a  -20°, 
-8°,  0°,  and  +20°,  which  wore  conducted  by  G.  A.  Filippov  (Fig.  210).  Graphs 
of  the  losses  distinctly  show  that  within  the  limits  of  the  change  of  7  =  -8°  to  +8° 
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the  profile  losses  in  various 
sections  practically  do  not 
change  and  they  amount  to 
2-2. 5£.  When  y  =  +20°  and 
y  =  -20°  the  profile  losses 
increase  to  5£.  This  result 
is  explained  by  the  fact  that 
flow  goes  around  tie  profile 
along  the  slanted  sections, 
whereby  the  shape  of  the 
streamlined  profile  depends  on 
the  shape  of  the  initial 
profile  and  the  blade  angle  y. 
Total  cascade  losses  remain 
practically  constant  within  the  limits  of  change  of  angle  7  =  -6  to  +1^°. 

Figure  210a  also  Illustrates  the  dependence  of  the  difference  of  reactions  in 
the  peripheral'  and  root  sections  on  the  edge  angle  7.  When  the  blades  are  inclined 
toward  the  flow  (7  >  0),  this  difference  considerably  decreases  and,  when  7  =  25  to 
50°,  the  reaction  along  the  radius  becomes  constant  (for  a  given  stage  with  0  *=  8). 
In  accordance  with  Fig;  210,  let  us  note  that  the  convergence  of  experimental  and 
calculated  [see  formula  (225)]  values  of  Ap  is  satisfactory. 

Distribution  of  losses  along  the  cascade  height  is  shown  in  Fig.  210b.  For 
negative  ^dge  angles,  considerable  losses  are  found  in  the  root  section,  which  is 
explained  by  the  appearance  of  separation  there.  For  cascades  with  positive  edge 
angles,  i.o.,  with  contraction  of  flow  toward  the  root,  the  losses  in  the  peripheral 
sections  increase. 

The  influence  of  the  inclination  of  the  trailing  edges  must  be  considered 

jointly  with  meridional  profiling  of  the  nozzle  cascade.  Thus,  for  instance,  the 

design  of  the  upper  shroud  of  the  nozzle  cascade  with  contraction  (Fig.  210)  make:; 

it  possible  to  sharply  decrease  the  losses  in  the  peripheral  sections  and  thereby 

balance  the  diagram  of  losses  with  respect  to  height.  Total  losses  for  7  -  +20° 

decrease  from  5.2  to  *).5$.  In  this  case,  both  factors  (meridional  profiling  and 
* 

inclination  of  edges)  promote  a  decrease  of  the  gradient  of  static  pressure  in  the 
clearance.  The  difference  of  the  reactions,  Ap  =  p  -  pK  ,  for  a  cascade  with 
meridional  contraction,  decreases  to  Ap  -  -2%  (instead  of  Ap  =.  5#  for  a  cascade 


Fig.  210.  Influence  of  blade  inclination  on  the 
characteristics  of  a  nozzle  cascade:,  a)  change 
of  total  losses  and  difference  of  reaction  in 
nozzle  cascade,  depending  upon  angles  of  inclina¬ 
tion,  7;  b)  distribution  of  losses  along  height 
of -nozzle  cascade  TC-1A  ,  for  various  values  of 
blade  angles:  9  =  8,5  and  l,  =  O.95. 
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only  with  inclination  of  edges  7  =  +20°). 

It  should  be  considered,  however,  that  for  a  different  stage  flare  and  other 
shapes  of  the  meridional  contour,  the  Influence  of  the  inclination  of  the  edges 
can  be  quantitatively  different. 

By  comparing  the  obtained  results  with  the  curves  shown  in  Fig.  20$,  for  a 
cascade  with  0  =  2.68,  having  cylindrical  generatrices,  it  is  easy  to  note  that 
for  such  a  large  flare,  even  an  insignificant  inclination  of  the  blades  leads  to 
a  sharp  change  of  the  distribution  of  losses  and  static  pressure  along  the  radius. 

The  distribution  of  losses  along  the  height,  with  the  change  of  the  blade 
inclination,  changes  analogously  to  how  this  was  noted  for  the  cascade  with  0  =  8;0 
(Pig.  210).  However,  with  the  decrease  of  0,  the  cascade  becomes  more  sensitive 
to  the  inclination  of  the  edges. 

The  graphs  presented  in  Fig.  209  and  210  make  it  possible  to  estimate  the 
influence  of  blade  inclination  of  the  distribution  of  losses,  outlet  angles,  and 
reaction  along  the  radius  for  no  zle  cascades  with  various  flare. 

The  logical  development  of  a  cascade  diagram  with  inclined  blades  consists 
of  the  application  of  the  curvilinear  blades  proposed  by.  MEI.  In  these  cascades 

it  is  possible  to  work  out 
an  arbitrary  law  of  change 
of  the  reaction  along  the 
radius .  The  principle 
of  construction  of  blades 
with  curvilinear  trailing 
edges  is  shown  in  Fig.  211, 
where  the  blade  inclination 
toward  the  flow  is  variable 
along  the  height. 

In  accordance  with 
this,  such  a  change  of  the 
reaction  along  the  radius 
is  ensured,  at  which  the  radial  pressure  gradient  in  the  root  sections  is  minimum, 
increases  in  the  mid-sections,  and  roaches  maximum  values  in  the  peripheral  sections. 
A  decrease  of  the  radial  pressure  gradient  in  the  root  sections  lowers  the  Intensity 
of  leakages  of  the  boundary  layers,  and  thereby  the  losses  in  these  sections.  The 
contraction  of  the  flow  toward  the  hub  also  prevents  separation  on  the  internal 
cylindrical  surface . 


f 


Fig.  211.  Diagram  of  a  nozzle  cascade  with  large 
flare  and  curvilinear  (saber-like)  blades  (MEI  cas¬ 
cade),  and  distribution  of  the  reaction  along  the 
radius  behind  nozzle  cascades.  Curves:  1  -  radially 
mounted  blades;  2  —  blades  Inclined  toward  flow;  2  - 
curvilinear  (saber-like)  blades. 
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The  blade  camber  in  the  peripheral  sections  and.  correspondingly,  the  change 
of  static  pressure  along  radius  in  this  zone  of  flow,  depend  on  the  shape  of  the 
meridional  contour  of  the  cascade.  For  cascades  with  a  conical  flow  area,  the 
blade  camber  is  determined  by  the  cone  angle  of  the  upper  contour  and  is  found 
experimentally. 

Figure  211  shows  the  distribution  of  the  reaction  along  the  radius  behind  a 
nozzle  cascade  for  three  variants:  radially  mounted  blades,  blades  with  inclination 
toward  the  flow,  and  curvilinear  blades.  An  experiment  confirms  the  possibility  of 
working  out  such  a  law  of  change  of  the  reaction  (static  pressure)  along  the  radius 
behind  a  nozzle  cascade,  which  ensures  minimum  losses  in  the  nozzle  cascade  and  the 
most  rational  structure  of  flow  in  the  stage. 

The  distribution  of  losses  along  the  cascade  height  and  the  change  of  the 
total  losses  depending  upon  the  ,M^  number  is  shown  in  Fig.  212.  Here  for  a 
comparison,  corresponding  curves  are  shown  for  a  cascade  with  radially  mounted 
blades.  This  series  of  experiments  distinctly  confirms  the  expediency  of  employing 
nozzle  cascades  with  curvilinear  blades.  In  the  root  sections  (Fig.  2i2a)  the 
losses  are  considerably  less  than  in  the  cascade  with  rectilinear,  radially  mounted 
blades.  A  lowering  of  losses  is  also  noted  in  the  mid-sections,  especially  at 
large  numbers.  When  M1  «  0.6,  in  the  peripheral'  sections  there  is  observed  a 
certain  increase  cf  losses  in  the  cascade  with  curvilinear  blades.  However,  with 
the  growth  of  there  occurs  a  redistribution  of  losses  along  the  height:  in  the 

root  sections  C,  increases,  and  it  decreases  in  the  peripheral  sections,  whereby 
the  total  losses  noteceably  decrease  (Fig.  212b).  The  advantage  of  curvilinear 
blades  is  especially  great  when  =  0.8  to  0.9.  In  this  zone  of  velocities  the 
total  cascade  losses  decrease  by  2-2.5#  as  compared  to  the  cascade  with  rectilinear 
blades. 

An  oxpecially  considerable  effect  of  curvilinear  blades  is  found  for  annular 
cascades  with  a  conical  upper  contour.  In  connection  with  the  decrease  of  total 
convergence  of  the  vano  channels,  the  total  losses  in  the  two  cascades  being  compared 
noticeably  increase.  However,  in  the  cascade  with  curvilinear  blades,  this  increase 
of  C,  turns  out  to  be  less  essential,  and  in  the  optimum  zone  of  velocities  the  gain 
from,  the  application  of  such  blades  amounts  to  5-J.5#  (Fig.  212b). 

It  should  bo  noted  that  the  two  types  of  cascades  that  were  compared  had 
identical  absolute  values  of  angles  ^  and  an  identical  law  of  change  of  angles 
°1  3(J>  .respect  to  height. 


a)  b) 

Fig.  212.  Experimental  characteristics  of  annular  cascades  having 
curvilinear  and  rectilinear  blades  with  cylindrical  and  conical  gener¬ 
atrices  (experiments  of  G.  A.  Filippov,  KEI-) :  a)  distribution  of  losses 
along  radius  for  various  numbers  (cylindrical  contours);  b)  change  of 

total  losses:  1  —  for  rectilinear,  and  2  —  for  curvilinear  blades; 

%  =  b-105;  9  4.3;  T±  =  3.1;  a±  n  =  16°;  alK  =  11°; 

The  results  of  the  considered  experiments  distinctly  confirm  the  expediency 
of  employing  curvilinear  blades  which  make  It  possible  to  increase  the  efficiency 
of  .large- flare  stages. 

Returning  to  the  results  of  the  investigation  of  cascades  with  rectilinear  blades 
(radially  mounted),  let  us  note  that  a  considerable  number  of  the  conclusions  made 
on  the  basis  of  the  experiments  may  be  also  extended  to  cascades  with  curvilinear 
blades . 

In  this  connection  it  should  be  emphasised  that  the  application  of  blades 
that  are  inclined  toward  the  flow  or  curvilinear  ones  makes  it  possible  to  essentially 
decrease  the  critical  ratio  0  Kp  (see  Fig.  205)  which  determines  the  continuous 
flow  in  a  nozzle  cascade.  Thus,  for  Instance,  when  =  15°,  the  quantity  0  KD 
decreases  from  0  =  3  to  0  =2.5.  In  another  method  of  twisting  the  nozzle 

K[j  Kp 

blades,  the  decrease  of  0  is  also  considerable. 

Important  results  were  obtained  at  the  LMZ  laboratory*  in  an  investigation  of 
the  influence  of  the  entrance  overlap  in  a  nozzle  cascade  (Fig.  213),  As  the  quantity 

*Tho  experiments  were  conducted  by  A.  0.  Lopatitskiy  and  M.  A.  Ozernov. 
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a)  b) 

Pig.  213.  Influence  of  overlap  at  the  entrance  to  an  annular  nozzle  cascade 
on:  a)  distribution  of  losses',  b)  static  and  total  pressures.  When  9  =  4.7; 

Re^  =  5'10J;  ~  0.5.  LMZ  experiments. 


AZq  =  Z1  -  Iq  increases,  the  cascade  losses  intensely  increase,  especially  at  low 
velocities  (M^  numbers.  Fig.  213a).  It  should  be  noted  that  with  the  increase  of 
Alg  there  is  an  especially  intense  increase  of  losses  in  the  peripheral  sections. 
The  field  of  stagnation  pressures  behind  the  cascade  takes  on  the  characteristic 


Fig.  214 ,  Influence  of  the  shape  of 
the  upper  contour  of  a  large-flare 
nozzle  cascade:  variants,  1,  2,  3  - 
LMZ  experiments;  variant  4  -  MEI  ex¬ 
periments:  *»  0.5;  Re^  =  (3  to 

6)*105;  0  -  4.7. 


nonuniformity  (Fig.  213b).,  /’-tth  the  change 
of  the  overlap,  the  distribution  of  static 
pressure  along  the  radius  also  changes.  Due 
to  the  separation  of  flow  and  the  formation 
of  a  vortex  zone,  the  pressure  in  the  periph¬ 
eral  sections  decreases.  As  the  number 
increases,  the  negative  influence  of  overlap 
decreases . 

As  can  be  seen  from  Fig.  214,  the  conic- 
ity  of  the  upper  contour  of  a  nozzle  cascade 
also  leads  to  a  growth  of  losses  in  the 
peripheral  sections.  Experiments  show  that 
with  the  increase  of  conic Lty  and,  thereby, 
with  the  decrease  of  chanrel  convergence,  the 
losses  in  the  upper  sections  increase  the 
same  as  with  an  increase  of  overlap.  Accord¬ 
ing  to  the  LMZ  experiments,  variants  2  and  3 


gave  poor  results  as  compared  to  variant  1  (Fig.  214)  for  Al^  <  0.13.  Variant  4  of 
the  upper  contour,  with  small  cone  angles  and  low  values  of  ,  gives  smaller 


cascade  losses. 
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The  design  of  a  cascade  with  upper  and  lower  conical  contours  and  edge 
inclination  toward  the  flow  makes  it  possible  to  balance  the  diagram  of  losses  at 
the  ends  wLth  the  same  value  of  AlQ.  The  application  of  an  intricate  coniC',i- 
cylindrical  contour  somewhat  decreases  the  losses  in  the  upper  sections.  - 

An  investigation  of  the  influence  of  twisting  of  flow  at  the  entrance  to  a 
nozzle  cascade  with  a  conical  contour,  which  was  conducted  at  MEI,  shewed  that  a 
decrease  of  the  entrance  angle  c  <  go°  does  not  lead  to  a  considerable  growth  of 
losses  in  these  cascades. 

The  influence  of  flare  on  the  distribution  of  losses  along  the  height  and 
the  dependence  of  £(0)  for  an  annular  cascade  composed  of  blades  with  constant 
profile,  mounted  radially,  may  be  estimated  according  to  Fig.  215.  Here  one  may 
distinctly  see  the  sharp  growth  of  losses  in  the  peripheral  sections  and  especially 
in  the  root  sections  with  the  decrease  of  0  £  5;  Total  losses  vary  slightly  in 
the  interval  of  6  -S  0  s  15. 


Fig.  215.  Distribution  of  losses  along  blade  height 
and  their  dependence  on  parameter  0  in  an  annular  cas¬ 
cade  with  various  flare.  Profile  TC-1A;  =  0*72; 

Re^  =  (MEI  experiments). 

The  above-considered  results  of  experiments  pertain  to  cascades  with  cylindrical 
blades,  whose  relative  pitch  varies  essentially  with  respect  to  height  with  large 
stage  flare.  A  noticeable  increase  of  the  effectiveness  of  nozzle  cascades  is 
noted  when  the  blades  are  designed  with  constant  (optimum)  relative  pitch  with 
respect  to  height  (variant  II).  This  condition  can  be  maintained  for  various  laws 
of  twisting  of  blades,  0^(7),  and  also  for  rectilinear,  inclined,  and  curvilinear 
blades . 

A  comparison  of  the  results  shows  that  when  a  cascade  is  designed  with  optimum 
pitch,  and  inclined  blades  (or  curvilinear  blades)  the  distribution  of  losses  along 
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the  height  is  considerably  more  uniform,  and  the  total  losses  are  intensely  lowered. 

However,  these  results  were  obtained  for  cascades  with  cylindrical  generatrices 
and  for  comparatively  high  Reynolds  numbers.  A  decrease  of  the  Re^  number  can  lead 
to  a  noticeable  growth  of  losses.  Actually,  as  may  be  seen  from  Fig.  216a,  the 
total  losses  essentially  change  depending  upon  Re^,  especially  at  small  Re^  ?  l.b 
to  ,2.0*10^. 


cades  with  large  flare;  b)  change  of  critical  number, 

M.#  ,  depending  upon  0,  for  various  cascades:  1  —  ra¬ 
cially  mounted  blades;  2  —  inclined  blades,  7m  =  +10°; 

3  —  inclined  blades,  7m  =  +26°;  b  —  curvinlinear  blades. 

Let  us  note  that  in  annular  cascades  the  region  of  Re1  self-similarity  is 
attained  when  there  is  a  continuous  flow  for  different  values  of  Re^  than  in 
two-dimensional  cascades. 

It  may  be  considered  that  the  Re^  that  corresponds  to  the  region  of  self- 
similarity  will  depend  on  the  geometric  parameters  of  the  cascade  and,  in  particular, 
on  the  flare  (0). 

Cascades  with  constant  relative  pitch  with  respect  to  height  are  characterized 
by  a  more  uniform  distribution  Re^  numbers  along  the  radius;  however,  in  the  root 
sections  the  Re^  numbers  will  be  lower  as  compared  to  a  cascade  with  constant  chord. 
With  a  continuous  flow  in  the  root,  the  losses  will  increase  with  the  decrease  of 
Re^.  Consequently,  the  law  of  change  of  relative  pitch  (chord)  along  the  radius  at 
subsonic  velocities  must  bo  selected  on  the  assumption  of  minimum  losses  for  the 
given  distribution  of  velocities  and  angles  along  the  radius.  By  no  means  does  the 
constancy  of  relative  pitch  always  lead  to  minimum  losses,  since  the  quantity 
t0II,,,  depends  on  the  Re^  number  (see  p.  *190). 


Thus,  the  selection  of  a  law  of  change  of  the  chord  of  a  nozzle  cascade  along 
the  radius  is  carried  out  by  means  of  variant  calculations  and  on  the  basis  of  the 
experimental  characteristics  of  the  losses  and  angles  obtained  for  various  Re^ 
numbers . 

It  is  necessary  also  to  consider  the  shape  of  the  meridional  contours  of  a 
cascade.  For  conical  upper  oh  lower  contours,  the  flow  at  the  entrance  to  a 
cascade  can  be  divergent.  In  these  cases  it  is  also  expedient  to  disregard  the 
condition  of  constant  relative  pitch  with  respect  to  height,  and  to  design  the 
blades  ivith  increases  width  at  the  vertex,  for  which  it  is  possible  to  ensure  a 
more  convergent  flow. 

The  Influence  of  compressibility  on  the  characteristics  of  an  annular  cascade 
essentially  depends  on  the  flare  0.  Depending  upon  this  quantity,  the  distribution 
of  velocities  behind  the  cascade  along  the  radius  changes,  whereby  the  smaller  9  is, 
supersonic  velocities  are  reached  in  the  root  sections  at  smaller  drops  in  the 
mid- section.  Consequently,  for  annular  cascades  it  is  expedient  to  introduce 
such  a  critical  M^#in  number  on  the  mid-section,  at  which  =  1  is  reached  in 

the  root  sec -ion,  M1<Jn  depends  on  the  flare  of  the  stage,  the  shape  of  the  profile, 
and  the  geometric  parameters  of  the  cascade.  It  is  obvious  that  with  the  decrease 
of  the  intensity  of  change  of  the  reaction  along  the  radius,  M1#m  will  increase 
(Fig.  216b). 

In  cascades  with  a  decreased  gradient  of  static  pressure  along  the  radius 
(inclined  and  curvilinear  nozzle  blades)  the  number  is  increases. 

At  subcritical  velocities  and  continuous  flow,  an  Increase  of  the  number 
loads  to  a  lowering  of  cascade  losses,  especially  in  the  root  sections.  Total 
losses  also  are  lowered,  which  is  explained  by  the  increase  of  the  convergence  of 
flow  with  the  growth  of  M^.  In  case  of  the  appearance  of  separation  in  the  root 
sections,  an  increase  of  leads  to  a  growth  of  losses,  in  connection  with  the 

fact  that  the  separation  zone  is  displaced  against  the  flow,  since  the  pressure 
gradients  are  increased. 

l'n  connection  with  the  considered  question  concerning  the  influence  of  flare 
on  the  characteristics  of  an  annular  nozzle  cascade,  let  us  note  that  with  correct 
profiling  it  is  fully  possible  to  decrease  the  ratio  9  =  6/1  in  such  cascades  to 
In  comUynporary  doisgn  of  last  stages  the  optimum  cascade  flare  reaches 
0  -  2.6-2. 8.  A  further  lowering  of  0  to  the  indicated  limits  may  be  carried  out  by 
the  application  of  curvilinear  (saber-like)  nozzle  blades,  and  also  combination 
inclined  and  eurvLl Lnear  blades  of  variable  chord  and  variable  profile. 


Corresponding  experimental  data  on  annular  cascades  with  such  flare  (not  yet 
obtained),  and  also  new,  more  exact  methods  for  calculating  three-dimensionsl 
flow  are  necessary. 

§  37.  APPROXIMATE  METHOD  OF  CALCULATING  THE  FLOW  IN  A 
NOZZLE  CASCADE  WITH  LARGE  FLARE 

As  shown  above  in  §  35  and  3 6,  the  structure  of  the  flow  in  annular  cascades 
is  intricate.  In  attempts  of  an  exact  mathematical  solution  of  the  problem  there 
appear  practically  insuperable  difficulties.  Therefore,  all  the  available  solutions 
are  based  on-  some  simplification  of  the  problem-. 

At  present,  two  approaches  to  the  calculation  of  three-dimensional  flew  in 
annular  cascades  and  in  a  stage  are  possible. 

The  first  method,  the  most  popular  one,  is  based  on  the  application  of  equation 
of  three-dimensional  flow  toward  the  sections  at  the  entrance  to  a  stage,  in  a 
clearance,  and  behind  the  stage  where  the  flow  in  a  circumferential  direction  may 
approximately  be  considered  as  uniform. 

The  second  method  can  be  used  to  calculate  the  three-dimensional  flow  in  vane 
channels,  by  applying  the  channel  theory  for  calculation  of  the  potential  flow,  and 
then  considering  the  three-dimensional  boundary  layer  in  the  channels  of  the  nozzle 
and  moving  cascades.  Taking  into  account  the  specific  boundary  conditions,  the 
flow  is  calculated  In  characteristic  sections  outside  t';.2  channels  (in  clearances). 
Thi  approach  is  more  promising;  however,  the  first  method  is  being  employed  at 
the  present  time,  since  it  is  less  complicated  and  tedious. 

The  solution  of  the  problem  by  this  method  can  be  obtained  with  a  various 
degree  of  approximation  to  actual  conditions  of  three-dimensional  flow  in  the  flow 
area  of  a  stage.  At  the  present  time  several  methods  of  calculation  have  been 
proposed,  which  are  based  on  various  assumptions  concerning  the  rational  structure 
of  flow  in  the  flow  area.  However,  most  of  them  do  not  consider  the  influence 
of  certain  essential  design  parameters  of  the  stage  and  gas-dynamic  factors,  which 
distinguish  the  actual  flow  from  an  idealized  diagram. 

The  exact  theory  of  a  stage  should  be  based  on  the  solution  of  equations  for 
three-dimensional  flow  of  a  gas.  For  an  ideal  fluid  and  steady  flow,  the  Euler 
equations  in  a  cylindrical  coordinate  system  have  the  following  form  (for  an 
oh solute  flow): 


(186) 
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Here  c  ,  c  ,  and  c  are  the  radial,  peripheral  (tangential),  and  axial  components 
r  u  a  of  velocity; 

r  is  the  radius; 

9  is  the  vectorial  angle; 

z  is  the  distance  along  the  axis  of  the  stage; 

F  ,  F/j,  and  F  are  the  components  of  the  external  forces  of  influence  of  the 
r  u  z  flow. 

Equations  (186)  can  be  written  in  Gromeko-Lamb  form: 
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(187) 


(188) 


are  the  components  of  the  angular  velocity  of  rotation  of  an  element  of  gas. 

Consl.der.lng  an  axisyiranetric  problem,  i.e.,  assuming  that  the  parameters  of 
the  gas  and  velocities  do  not  change  (3/30  =  0)  in  a  circumferential  direction,  the 
systems  of  equations  (186)  and  (187)  may  be  essentially  simplified.  This  assumption 
is  equivalent  to  the  assumption  concerning  an  infinite  number  of  blades  of  a  nozzle 
cascade  and  rotor  wheei  and  it  facilitates  possibility  of  studying  the  influence 
of  a  number  of  important  factors  on  the  structure  of  flow  in  the  clearances  of  a 
stage. 

A  second  widely  employed  simplification  consists  in  the  fact  that  the  radial 
velocity  components  are  assumed  to  negligible  (cy  »  0), 

It  .Ls  possible  to  show  that  for  a  steady  flow  of  an  incompressible,  ideal  fluid, 
the  assumptions  on  axisymmetry  (3/30  =  0)  and  the  absence  of  radial  velocity 
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components  (c  -  0)  are  equivalent  to  the  assumption  concerning  the  constancy  of 
velocity  circulation  along  the  height  of  a  nozzle  blade. 

Actually,  in  this  case  the  equations  (18 6)  take  on  the  following  form  (F  - 
=  F0  =  F?  =  0): 


I  *  4 
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0; 


.  dc± _ 1  Op 

*  dz  q  dz 


(l86a) 


Considering  the  flow  at  the  entrance  to  irrotatiohal,  from  equations  (188).  we 
wiii  obtain 
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(188a) 


Equations  (l'86a),  also  for  the  assumptions  (l88a)  made  above,  have  a  singular 
solution,  i.e.,  cyr  =  const  and  c&  =  const,  which  is  a  characteristic  of  potential 
( irrotational )  motion  with  cqnstant  velocity  circulation. 

It  should  be  emphasized  that  equations  (187),  which  are  Euler  equations  (186), 
also  lead  to  the  Indicated  solution,  since  for  S/50  =  0,  cy  =  0  and  Fr  =  F^  =  0  give 
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There  directly  follows  an  equation  for  the  relationship  between  the  axial  and 
tangential  velocity  components : 
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For  the  case  when  S/S 0  f  0  and  cr  /■  0,  the  relationship  between  cy 
expressed  by  the  equation 
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Consequently,  the  error  caused  by  the  use  of  equation  (i87b)  is  estimated  by 
the  first  two  terms  of  equation  (187c).  It  should  be  borne  in  mind  that  in  this 
case  the  conditions  of  the  Constance  of  circulation  (cyr  =  const)  and  axial  velocity 
components  (c  =  const)  are  not  jointly  satisfied. 

A  method  for  calculating  the  influence  of  the  curvature  of  flow  lines,  the 
conicity  of  the  flow  area,  and  the  forces  of  the  influence  of  blades  on  the  flow 
is  given  below;  the  method  was  formulated  within  the  scope  of  assumption  concerning 
axial  symmetry  of  a  steady  flow. 

We  shall  assume  additionally  that  the  flow  in  the  nozzle  cascade  is  continuous 
and  that  there  is  no  energy  exchange  with  the  external  medium.. 

In  the  considered  case,  equations  (186)  will  be  converted  to  the  following 
form:* 


at,  _c  r  »  °p 

r  4-  e  4-  -dV.  =  e 
C'  dr  at  ^  r  r  • 


(189) 


In  the  first  equation  of  (I89)  the  radial  acceleration  may  be  presented  in  the 
following  form: 


COSV  + 


sinv 
2  * 


(190). 


where  the  terms  entering  the  equation  are  shown  in  Fig.  217. 

c  is  the  velocity  in  the  meridional  plane; 

is  the  radius  of  curvature  of  a  flow  line  in  the  meridional  plane; 

v  is  the  angle  between  the  meridional  and  axial  velocities; 

sm  is  the  length  of  a  flow  line  in  the  meridional  plane; 

F  and  Fn  are  the  radial  and  tangential  force  components  of  the  influence  of  blades 
on  the  flow. 

Forces  Ff  and  F^  are  connected  by  the  relationship 

tgv  =  7j-;  (191) 

7  is  the  blade  angle  (Fig.  217). 


0 


I 


"It  should  be  recalled  that  total  radial  acceleration  SCj/dt  does  not  contain 
local  acceleration  dc^/dt,  since  the  motion  is  considered  to  be  steady. 
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Fig.  217.  Geometric 
characteristics  of  the  j 
flow  area  of  a  turbine 
stage:  a)  with  recti¬ 
linear  blades;  b)  with 
saber-like  blades. 


! 


The  tangential  force  component  is  determined  by  the  formula 

r  _ _  dcu 

In  equation  (190)  it  is  possible  to  disregard  the  quantity  dc^/dsm  sin  v/2  in 
connection  with  its  smallness  as  compared  to  the  first  term  cf/l ^  cos  v .  Assuming 
arms  c1.dcu/3r  and  CyCy/r  are  small  (radial  velocity  components  are  small); 
with  the  help  of  equations  (189),  (190),  and  (191)  it  is  simple  to  obtain  the 

following  differential  equation  for  radial  equilibrium  of  the  flow  in  a  nozzle 
cascade ;* 


I  dp  _  <?„  _  dcu  . 

C  dr  ~  r  Km  C0S  °a  dz  tgV- 


(192) 


Radius  ^  is  considered  to  be  positibe,  if  it  is  directed  to  the  axis  of  the 

stage,  In  this  case  the  curvature  of  the  flow  lines  leads  to  a  decrease  of  the 
radial  pressure  gradient. 

Anglo  7  is  determined  from  the  triangle  O^m  (Fig.  217): 
lhe  method.,  which  will  bo  ditcussed  later,  was  developed  by  G.  A.  Gillppov. 
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(194) 


With  the  help  of  formulas  (193)  and  (194),  after  simple  transformations,  it  is  easy 
to  obtain 

r\-r-  2Rr„i\nyM 


sin  y  =  • 


2 rk 


(195) 


For  the  root  section,  formula  (195)  has  the  following  form: 

**•*  V*  ~ - 

It  is  clear  from  Fig,  217  that  angles  y_  and  y  for  curvilinear  biades  have 
opposite  signs.  If  we  assume  that  the  angle  of  inclination  in  the  root  section  is 
positive,  the  angle  at  the  periphery  will  be  negative.  The  radius  R  is  then 
expressed  by  the  following  formula: 


ft  _ f* 


and 


2  (r*  sin  y*  —  r*  *m  Yn)  * 

After  substituting  formula  (196)  into  equation  (195),  and  designating 

At  =  rK  sin  y* — rn  sin  y*. 

At  ~  r„  sin  y„. 


(196) 


we  find 


sl«Y  =  -^— --  *•  ■  * 


—  i3  r  •  r 
a  a 


(195a) 


For  a  small  blade  angle,  it  is  possible  to  stage  approximately  that 

tgy^siny.  (195b) 

As  shown  earlier,  the  blade  angle  along  the  radius  changes  its  sign.  This 
moans  that  on  a  certain  radius  the  angle  of  inclination  is  equal  to  zero.  For 
finding  the  radius  which  corresponds  to  the  zero  blade  angle,  we  shall  equate  the 
expression  for  sin  y  to  zero.  Then,  by  formula  (195a),  we  will  obtain 

ro  -  Y(rl — r'i)  "tt  'I  •  (19?) 

Hero  j-q  is  the  radius  which  corresponds  to  the  zero  blade  angle. 
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If  the  blade  angles  at  the  root  and  on  the  periphery  are  equal  with  respect 
to  absolute  value,  then  is  determined  by  the  formula 

r^VH-rS,.  (197a) 

Let  us  now  express  the  velocity  components: 


and 
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(198) 


The  velocity  in  the  meridional  plane,  c^,  is  determined  by  the  following 
expression: 


f  e*tg*a 


(1 99) 


co»*  v  +  tg*  a  * 

Let  us  assume  an  approximate  law  of  change  of  the  peripheral  velocity  components 
along  the  width  of  a  nozzle  cascade  B  in  the  following  form:* 


tS-tIW+W)!  <“») 

where  cul  is  the  peripheral  velocity  at  the  nozzle  cascade  exit; 

B  is  the  width  of  the  nozzle  cascade  profile . 

After  differentiating  expression  (200)  with  respect  to  z,  and  substituting 
equations  (195),  (198),  (199)  and  dcu/c)z  into  equation  (192),  we  write  the  result 
for  the  outlet  section,  in  which:  z  =  b,  a  =  a^,  v  =  v±,  c  =  c^,  etc.  We  then  obtain 


_i_  dp,  _  cf  cos*  v,  | _ cfteS  cosv, 

«i  ~ST  ~  cos*  v,  +  tg* a,  r  (cos1  v,  -j-  te:Q|)  «m\ 


•  i  s  /  rlztA  1  A  ) 

r  2fl  1  ^  V  cat'v.  +  tfi’a,  ’ 


(201) 


’‘This  assumption  means  that  into  the  calculation  there  is  introduced  a  certain 
unreal  blade  surface,  whereby  on  the  trailing  edge  the  force  from  the  blades,  = 

±  ca^Cy/c)r,  does  not  become  equal  to  zero,  as  follows  from  formula  (200).  However, 

in  accordance  with  the  assumption  on  the  axial  symmetry  of  flow  in  the  clearance, 
this  force  must  bo  equal  to  zero.  The  contradiction  contained  in  the  considered 
method  is  corrected  by  an  experiment,  which  clearly  confirms  that  the  indicated 
force  does  not  disappear  in  the  plane  passing  through  the  trailing  edges  and  in  t  > 
clearance;  whereas  on  the  edges  it  lias  a  maximum  value.  Coordination  of  the  flow 
lint'!’,  in  a  channel  and  In  a  clearance  is  carried  out  by  the  introduction  of  experi¬ 
mental  corrections  (sec  below). 


* 
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where  c .  and  a.  are  the  absolute  velocity  ang  outlet  angle  of  flow  in  the  outlet 
J  section  of  the  nozzle  cascade; 

is  the  angle  of  inclination  of  the  .'low  line  in  the  outlet  section 
of  the  nozzle  cascade. 

For  practically  applied  angles  a ^  with  small  changes  of  the  angle  of  inclination 
of  flow  lines  it  is  possible  to  approximately  consider  that 

«**»,  . 
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We  shall  now  use  the  energy  equation  for  a  stream  of  gas  in  the  following  form: 


_L  _/  _/ 

ij,  2  T*  *•  *«» 

if.  is  the  enthalpy  of  the  stagnated  flow; 


(203) 


i. .  is  the  enthalpy  of  flow  at  the  end  of  isentropic  expansion  in 
a  nozzle  cascade; 

and  clt  are  the  actual  and  theoretical  flow  rates  at  the  nozzle  exit; 
is  the  efficiency  of  the  nozzle  cascade. 

We  shall  differentiate  the  left  and  right  sides  of  equation  (203)  with  respeqt 


to  the  radius 


1  *i _ 1  dr) |  _  Of,  di„ 

^2  Or  ~~  dr  W ' 

Assuming  the  constancy  of  total  energy  along  the  radius  (di^/dr  =  0)  and 


(204) 


considering  that 


01,1  _  I  dp, 

dr.  Q,/  dr  ' 

we  shall  present  the  energy  equation  in  the  following  form: 

_Li£l  =  (205) 

Q  Or  2nf  ^  2rj|  Or  '  •  ' 

Kero  we  assume  that  «  p^,  i.e,,  that  the  density  i-ehind  a  cascade  in 
actual  and  theoretical  processes  is  identical.  This  assumption  does  not  lead  to  a 
noi  loeable  error  in  the  case  of  subsonic  velocities.  For  supersonLc  velocities  the 
density  ratio  is  determined  by  the  following  formula  [22] 


Cu 


■  «-lj» 

1  7+7  I 
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wlie  re  X. 


is  the  dimensionless  velocity  behind  the  cascade  for  the  theoretical 


It 

process. 

Equations  (205)  ant!  (202)  will  be  solved  jointly.  Then  we  will  obtain 


1  *•  -*  f 

T7TF  “•’*•[■ 


cat1  a, 


J. 


sin¥a, 


I  frji  ■ _ 

2i||  *  '  Rmt  eo*  v 


5  tin  a,  a* 
2  Hr 


(206) 


Equation  (206)  reduces  to  quadratures.  Integrating  with  respect  to  z  =  B, 
i.e.,  for  a  section  at  the  trailing  edges  of  the  profiles,  we  obtain 


-  f  Jlgg&.rfr 

'i 


r 

f  ’ll  sin- c-  , 

■  J  a*  v,  ar  • 


+4-1  (^h)* 


(207) 


Equation  (207 )  serves  for  calculation  of  the  velocity  distribution  along  the 
radius  at  the  nozzle  cascade  exit,  taking  into  account  the  curvature  of  the  flow 
lines  and  the  influence  of  the  blades  on  the  flow. 

The  functions  ^(r)  and  v1(r)  in  equations.  (207)  are  determined  with  the 
help  of  a  continuity  equation: 


G  “  2n*'Mrl-rl)  =  2*  IWdr,  (208) 

i  '* 

where  pQ  and  cQ  are  the  density  and  velocity  in  the  entrance  section  of  the  nozzle 
cascade. 

Thus,  for  instance,  for  an  incompressible  fluid  and  =  const,  the  radius 
of  curvature  of  the  flow  lines  is  determined  by  the  following  formula: 


1  _  2(r  —  rK)(rn  —  r)  COS*  a, 

Rmi  B*  (rn  -{-  rK) 

Taking  compressibility  into  account  wo  obtain 


(209) 


1 

Rep 


(210) 


The  quantity  R  Cp  -  the  radius  of  curvature  of  a  flow  line  on  the  mid-diamet.  >* 

—  is  determined  by  the  method  of  successive  approximations  with  the  help  of  the 
continuity  equation. 

For  a  cascade  with  blades  of  constant  profile  and  with  cylindrical  generatrices. 


/ 


the  radius  R  Cp  can  be  determined  by  the  formula* 


or  for  z/B  =  1, 


I  r.  —  r,  _  /  i  *. 

Rtp  ~  it*  ~  ^  2U:  C0SJt(  u  ) 


_ -l  ri  ~ 

~  2a« 


(211) 


For  a  conical  flow  area,  the  formula  for  has  the  following  fora: 

cp 


*m  2«‘ 


**  (r  r,  +  rt\ 

2 ««  V*  2  J* 


(212) 


Radii  rQ,  r^,  and  r2  are  determined  from  the  continuity  equation  written  for 
the  corresponding  sections  which  are  shown  in  Fig.  217. 


|  WoSdr=  J  QiCMrdf. 


(213) 


According  to  a  prelimii.ary  heat  calculation,  in  these  sections'  the  distribution 
of  the  axial  components  of  velocity  c  and  density  p  is  known.  According  to 
equation  (213)  we  determine  the  quantity  Ar  . 


r»  rep  —  Afiuj! 


ri~  rtpJr  & mw 

Considering  that  =  const,  we  can  obtain 

A  r  --  ~  '<>*  cn  ■*» 

*  -  <(r„~rK)  COi  “»• 


(2lH) 


V/e  shall  now  convert  equation  (207),  substituting  R^  in  it  according  to 
formula  (210),  and  stating  that  cos  v±  =  1.  Furthermore,  assuming  that  =  const 
and  =  const,  we  will  obtain 

(215) 

Coefficients  and  consider  the  curvature  of  the  flow  lines  (K^)  and  the 
influence  of  the  blades  on  the  flow  (Kg),  respectively.  Introducing  the  parameter 
0  d l/l,  the  formulas  for  K.  and  Kg  can  be  obtained  in  the  following  form: 


*A  formula  of  the  type  (211)  was  used  for  the  first  time  in  reference  [161]. 

Tt  should  be  borne  in  mind  that  the  rule  expressed  by  this  formula  is  hypothetical. 
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(216) 
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(217) 


Formula  (217)  makes  it  possible  to  calculate  the  influence  of  blades  on  the 
flow  for  the  general  case  of  a  saber-like  (curvilinear )blade.  For  rectilinear 
blades  (R  =  co)  the  coefficient  Kg  is  determined  by  the  formula 


v  —Z  5  »in  2a,  rt  sin  v* 
A*  r  IB - 


(218) 


With  the  help  of  equation  (215)  it  is  not  difficult  to  find  the  change  of 
the  reaction  along  the  radius  for  the  assumptions  that  we  made: 


(2i9) 

where  pK  is  the  reaction  in, the  root  section. 

Substituting  (215)  into  equation  (219),  we  find 

( W-  (220) 

The  influence  of  certain  parameters  on  coefficient  may  be  estimated  by 
means  of  the  graphs  in  Fig.  218 ,  The  quantity  intensely  increases  in  the  middle 
of  the  blade  and  reaches  maximum  values  at  the  vertex.  With  the  growth  of  angle 

al’  the  coefficient  increases.  The  influence  of  flare  0  is  illustrated  by  the 
curves  in  Fig.  218. 


K, 


h 


Fig.  218.  Change  of  coefficient  K±,  which  consider 

the  curvature  of  flow  lines,  along  the  blade  height 
for  various,  but  constant  angles  at  9  =  3  (solid 

lines),  and  for  various  0  at  a±  =  20°  (dotted  lines). 
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Coefficient  Kg  also  depends  on  a^,  6 ,  and  the  character  of  change  of  along 
the  radius  (Fig.  219). 


Fig.  219.  Change  of  coefficients  Kg  and  Kg,  which 

consider  the  inclination  of  nozzle  blades,  with 
respect  to  height:  a)  for  various  at  0  =  5  and 

for  various  0  at  ^  =  15°  (7n  =  -15°,  7K  =  30°; 

b)  for  various  laws  of  change  of  angle  along  the 

height  at  Q  =  5  (7  =  -15° ;  yy  =  30°).  Curves 

(solid)  - cul  =  const; - =  const. 


Equation  (215)  and  the  other  dependences  do  not  reflect  the  influence  of 

p 

conicity  of  the  flow  area,  since  the  terra  dc^/dsm  sin  v/2,  which  enters  the 
equation  of  radial  equilibrium  (190),  was  dropped. 

A  rough  estimate  of  the  influence  of  conicity  on  the  distribution  of  velocities 
and  the  reaction  along  the  radius  can  be  obtained  by  means  of  solving  the  initial 
equations  (189)  and  (190). 

,  After  tedious  transformations  it  is  not  difficult  to  obtain  an  equation  for 
velocity  distribution  in  the  following  form: 

I**) 

* 

which  is  valid  for  radially  mounted  blades. 

MIero 

y  _  ..  f  COS*  V|  -f-  te3  ct|  ~ 

*'s  ”  y  cos  v, cos’ujO  +  (222) 

is  a  coefficient  that  considers  the  influence  of  conicity. 
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It  should  once  again  be  emphasised  that  equation  (206)  and  the  others  were 
obtained  on  the  basis  of  a  number  of  simplifying  assumptions.  We  did  not  consider 
the  important  factors  which  distinguish  an  actual  flow  from  an  ideal  one  in  this 
case,  including  the  deviation  of  the  flow  from  coaxial,  radial  gas  leakages  into 
the  boundary  layer,  the  presence  of  zones  of  separation  of  flow,  the  influence  of 
the  rotor  wheel,  and  others.  For  this  reason,  into  formula  (220)  we  should 
introduce  an  experimental  coefficient  Q,  writing,  it  in  the  following  form: 

0  =  I  — (I  ~  (223) 

The  experimental  coefficient  Q  depends  on  many  factors,  mainly  on  the  gradient 
of  static  pressure  along  the  radius  and  height  of  the  blades,  or,  in  other  words, 
on  the  intensity  of  radial  leakages.  For  stage  with  high  blade  height,  at  small 
gradients  of  3p/Sr  the  coefficient  Q  is  close  to  unity.  In  accordance  with  the 
results  of  experiments  at  9  2  8,  2Q  =  1.5  -  1.6,  and  when  9  <  8,  2Q  =  1.6  -  1.8. 

When  estimating  the  influence  of  the  other  simplifications,  one  should  note 
that  an  insignificant  change  of  ^  ±  3°  has  a  slight  effect  on  the  accuracy 

of  the  calculation,  and  the  change  of  the  radius  R  can  be  considered  during  the 
calculation  of  a  stage  v/ith  respect  to  streams  (see  §  ^5). 

Of  considerable  interest  is  an  estimate  of  the  influence  of  the  factors 
considered  by  coefficients  K^,  Kg,  and  K^.  An  increase  of  the  cone  angle  of  the 
upper  contour,  vn,  leads  to  a  decrease  of  the  intensity  of  change  of  the  reaction 
along  the  blade  height,  which  coincides  with  the  data  from  the  experiments.  An 
increase  of  the  blade  angle  toward  the  flow  also  causes  a  decrease  of  the  radial 
pressure  gradient,  i.e.,  a  balancing  of  the  reaction  along  the  height,  and  this 
was  shown  In  Fig.  211. 

Distortion  of  the  flow  lines  in  the  meridional  plane  In  a  clearance  also  affects 
the  distribution  of  reactions  and  the  difference  of  reactions  in  a  section  at  the 
vertex  and  in  the  root  section. 

An  estimate  of  the  accuracy  of  the  presented  method  of  calculation,  which  i. 
performed  by  comparison  with  experimental  data,  showed  that  for  cascades  with  0 
the  convergence  of  the  results  of  the  experiment  and  the  calculation  is  satisfactory. 
At  small  0  <  1 1  and  large  blade  angles,  a  considerable  divergence  is  noted  between 
the  experimental  and  calculated  data.  In  these  cases  an  essential  Influence  is 
rendered  by  factors  that  are  not  considered  by  the  calculation  method:  a)  separation 
of  flow  around  annular  contours;  b)  radial  leakages  in  the  boundary  layer;  c)  the 
influence  of  a  finite  number  of  blades. 
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§  33.  CALCULATION  OF  THE  FLOW  BEHIND  A  MOVING  CASCADE 
Calculation  of  the*  flow  behind  rotor  blades  is  also  performed  with  the  help 
of  conservation  equations.  However,  this  problem  is  more  complicated  than  the 
preceding  one,  since  the  rotor  blades  are  located  on  a  revolving  wheel,  and 
consequently,  the  outlet  angles  of  flow  in  absolute  motion  are  hot  given. 

As  general  equations  of  steady  three-dimensional  motion  of  an  ideal  fluid  in 
moving  cascades  we  may  use  equations  (186),  which  can  be  written  for  a  relative 
flow  in  the  following  form: 


+  +  2--  -  Wr-±Z 


bwm  I  Ba  du>a  ,  _  owa  ,  a,  ica  ,  n _  1 7  * 

sr + “ -36" + sr + — r* + 2m°' = t 


B*  dWa 


•  4-u,  £Si  _tt7  _ 

+  3;  —  a  a. 


d(gcy)  ,  I  afgi.-,,)  .  d(Qva)  _ 

dr  ‘  r  d9  '  fa 


(224) 


This  system  is  obtained  by  substitution  of  the  following  evident  relationships 
into  (186) 

®4  -  c,\  wr  —  ct\  taM  =  cM  —  u  =  cM~ur, 

where  to  is  the  angular  velocity  of  rotation  of  a  moving  cascade;  Wr,  Wg,  and  W z 
are  the  component  forces  of  the  influence  of  blades  on  the  flow. 

Besides  the  assumptions  made  above,  in  cross  section  2-2  (see  Fig.  217)  it  Is 
possible  to  assume  that  the  reconstruction  of  the  flow  in  the  radial  direction,  which 
occurs  during  passage  through  the  moving  cascade,  is  terminated  mainly  before  the 
control  cross  section  and  the  radial  components  of  velocity  are  small  there  (cr  «  0). 
We  also  assume  that  the  motion  in  this  cross  section  2-2  occurs  along  the  cylindrical 
surfaces,  i.e,,  the  radii  of  curvature  of  the  flow  lines  in  the  meridional  plane 
are  very  great*  (R  »  co). 

Then  the  equation  of  radial  equilibrium,  i.e.,  the  impulse  equation  (in  pro¬ 
jections  on  the  direction  of  the  radius),  will  have  the  following  form: 

1  *Pt  _  ggS  (224a) 

Ci  dr  -  r  ’  V  ' 


"During  the  calculation  of  stages  with  conical  flow  areas,  curvilinear  contours, 
and  other  peculiarities,  these  assumptions  can  lead  to  considerable  errors  (see 
Chapter  VIJ.I). 
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Proceeding  to  the  relative  flow  in  this  equation,  we  will  use  the  relationship 

fjCOSC,  =  tOj  COS  Pj  —  U, 

where  u  =  cor  is  the  peripheral  velocity  on  the  current  radius  r; 

P2  =  0g(jO  *he  outlet  angle,  which  is  a  given  function  of  r. 

Then  (224a)  is  written  in  the  following  manner: 


»  dp,  _  facaifit  —  a)* 
t  dr  r 


(225) 


Equation  (225)  directly  follows  also  from  the  first  equation  of  (224),  after 


substitution 


_  tor  _  tor  _  to r  _  Q 


vt—  dr  ~  dz  d0 


We  shall  now  use  the  energy  equation  for  a  relative  flow: 

%  2  2  *¥' 


(226) 


Here  is  the  relative  inlet  velocity  of  gas  to  the  rotor  blades;  i^  and  i2t 
is  the  enthalpy  of  the  gas  before  the  rotor  blades  and  at  the  end  of  isoentropic 

O 

expansion  in  the  moving  cascade,  respectively;  q2  =  ^  (^  is  the  velocity  coefficient 

•of  the  moving  cascade). 

All  quantities  that  enter  equation  (226)  are  functions  of  radius  r. 


Since 


l  _  ,• _ 

*1 


after  substitution  of  this  expression  into  equation  (226),  we  will  obtain 


a,,  du>t  rfi},  .  d  ( _  diu 

*1»  dr  2t)j  > ir  '  dr  \  2  J  dr'  ’ 


(227) 


In  the  third  term  of  equation  (227 )  we  shall  perform  the  following  substitution 

cf~  =  2uc,cosa,—  u2. 


Furthermore,  let  us  note  that 


diu  ^ .  I  dpt 
dr  ~  c,  dr  • 


After  substitution  into  (227),  we  finally  obtain 


dwt  ,  /  P.cos’p,  I  diu  \  o  . 

r  (  ? - 2n7 ir)wi  + 

+  2rj,ucos  P,Wj  -u  i|,  =  0. 


(228) 


As  it  is  known,  the  obtained  differential  equation  for  the  distribution  of 
relative  velocities  behind  a  moving  cascade  is  an  Abel  equation  of  the  second  kind, 
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When  the  velocity  circulation  around  a  nozzle  blade  is  cu^r  =  const,  the  free  term 
of  equation  (228)  is  equal  to  zero. 

Equation  (228)  is  integrated  under  certain  simplifications.  Thus,  for  instance, 

considering  that*  =  1  and  culr  =  const,  it  is  not  difficult  to  obtain 

* 

*$■  +  — Is-  w1  +  2«cosp1  =  0.  (229) 

The  integral  of  equation  (229)  will  be 


»i  = 


+  2«  j"  cos  pt 


dr  exp^— 


(2?0) 


where  rra  is  the  mid-radius  of  the  stage;  w2m  is  the  relative  outlet  velocity  on  the 
mid-radius. 

The  gas  flow  through  the  nozzle  and  rotor  blades  should  satisfy  the  continuity 
equation : 

rm 

<?  =  2nJp<KV<fr.  (231) 

'« 

Depending  upon  the  adopted  law  of  change  of  angles  along  the  radius  in  these 
sections,  from  (231)  we  can  obtain  the  values  of  the  velocities  in  the  root  or 
middle  sections  of  the  stage. 

Coordination  of  the  flow  rate  through  the  nozzle  and’  moving  cascade  may  be 
accomplished  by  dividing  the  flow  into  a  number  of  elementary  annular  streams. 
Within  the  limits  of  each  stream  the  problem  may  be  considered  as  a  one -dimensional 
one  and  the  usual  method  of  calculation  may  be  employed.  The  transition  from 
stream  to  stream  should  be  accomplished  in  such  a  manner  so  that  the  equation  of 
radial  equilibrium  in  the  control  sections  is  satisfied.** 

An  increase  (or  decrease)  of  pressure  Ap^  upon  transition  to  an  adjacent 
stream  in  a  clearance  should  be  calculated  by  means  of  the  approximate  equation 

A lA  =  ii^LAr.  (2?2) 


"Equation  (228)  is  also  integrated  for  q2  <  1,  if  we  consider  that  q2  does  not 
change  along  the  radius. 

**A  more  exact  method  of  calculation  for  streams  is  given  in  Chapter  VIII. 
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where  Ar  is  the  increase  of  the  radius  upon  transition  to  the  mid-section  of  an 
adjacent  annular  stream  (if  the  radius  decreases,  then  Ar  is  negative);  cy1  and  p^ 
are  the  peripheral  velocity  component  and  the  density  of  the  gas  in  the  considered 
elementary  annular  streak  at  mid-radius  r,  respectively. 

An  analogous  equation  for  cross  section  2-2  behind  the  rotor  wheel  is  written 
in  the  following  way: 

Apt  =  jdlAr.  (253) 

The  continuity  equation  for  these  sections  may  be  presented  in  the  following 

form: 

AG  =  MiAi/i: 

AG  = 

Here  AG  is  the  flow  rate  of  gas  through  the  stream;  plt  and  p2t  are  the  density 
at  the  end  of  isentropic  expansion  in  the  nozzle  and  moving  cascades,  correspondingly; 
clt  ^  ^  w2t  are  theoretical  outlet  velocities  of  flow  from  the  cascades;  f^  and 
f2  are  the  areas  of  the  outlet  sections  within  the  bounds  of  one  elementary  stream; 
p^  and  p2  are  the  flow  rate  coefficients  in  a  given  annular  section  of  the  nozzle 
ana.  moving  cascades. 

The  total  flow  rate  through  the  stage  G  is  equal  to  the  sum  of  flow  rates 
for  all  elementary  streams.  In  a  similar  calculation  the  flow  rate  coefficients, 

P^,  and  p2,  and  the  velocity  coefficients,  <p  =  and  =  -/rj^,  should  be  assumed 
to  be  variable  and  dependent  upon  the  geometric  parameters  of  the  cascades  and  the 
performance  parameters  of  the  flow. 

By  using  the  method  of  calculation  for  streams  when  designing  a  stage,  it  is 
possible  to  select  the  degree  of  reaction  and  the  outlet  angles  from  the  nozzle  and 
moving  cascades  in  the  root  or  middle  sections.  In  the  last  case  it  is  not  difficult 
to  calculate  the  middle  annular  stream  as  that  of  an  elementary  turbine  stage. 

Further,  by  means  of  formula  (222)  we  can  find  the  pressure  behind  the  nozzle 
cascade  for  two  adjacent  streams. 

The  pressure  behind  the  stage  for  two  adjacent  streams,  in  general,  differs  from 
the  pressure  behind  the  stage  on  the  mid-diameter,  and  it  can  be  found  by  means  of 
formula  (232).  The  pressure  oehind  the  stage  in  first  approximation  may  be  consiucrou 
as  being  constant. 

In  the  course  of  the  calculation  by  means  of  the  continuity  equation,  the 
distribution  of  angles  a„  and  along  the  radius  can  be  corrected. 
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§  39.  METHODS  FOR  TWISTING  BLADES  AND  THE  RATIONAL 
.  ORGANIZATION  OF  THE  FLOW  IN  A  STAGE 

The  existing  methods  for  calculating  the  flew  in  a  large-flare  stage  do  not 
make  ii  possible  to  solve  the  problem  concerning  the  most  rational  organization  of 
the  flow  in  a  stage,  and  consequently,  the  optimum  methods  for  twisting  blades. 

This  problem  is  solved  with  the  aid  of  the  results  of  an  experimental  investi¬ 
gation  of  nozzle  and  moving  cascade  and  a  stage  on  the  whole  (§§  35,  36,  4l,  and  44). 

The  criteria  for  comparing  the  varipus  methods  for  the  organization  o/  the  flow 
in  a  stage  are: 

a)  the  effectiveness  of  the  stage; 

b)  the  discharge  capacity; 

c)  the  strength  and  vibration  reliability  of  the  blades; 

d)  the  technological  effectiveness  of  the  cascades; 

e)  the  peculiarities  of  the  physical  process. 

The  difficulty  of  constructing  an  optimum  stage  for  given  operating  conditions 
consists  in  that  the  requirements  of  maximum  effectiveness,  reliability,  arid 
productivility  are  contradictory  to  a  considerable  degree.  In  a  number  of  cases  it 
is  necessary  to  waive  the  considerations  of  economy  for  providing  the  necessary 
reliability  and  productibility  of  manufacture  of  the  blades. 

Questions  concerning  the  twisting  of  blades  only  from  the  point  of  view  of 
maximum  effcctivene:.  s  are  considered  below. 

It  is  not  possible  tc  establish  an  optimum  method  for  profiling  long  blades  by 
means  of  a  calculation  since  the  appropriate  methods  of  approximation  make  it 
possible  to  judge  the  comparative  merits  of  the  various  twisting  methods  only  with 
respect  to  indirect  criteria. 

The  initial  equation  (20 6)  is  useful  for  calculating  the  parameters  of  flow  in 
a  clearance  for  an  arbitrary  law  of  change  of  along  the  radius  or  for  =  const. 

However,  the  question  of  rational  means  for  profiling  the  nozzle  and  rotor 
blades  of  a  stage  with  considerable  variation  of  parameters  along  the  radius  still 
remains  unanswered.  Within  the  confines  of  a  one-dimensional  flow  diagram,  the 
problem  concerning  rational  methods  for  twisting  blades  is  reduced  to  the  correct 
selection  of  the  variation  of  angles  and  velocities  along  the  radius  so  that  the 
efficiency  of  the  stage  is  maximum.  At  the  same  time,  with  the  selected  field  of 
angles  and  velocities,  a  high  stage  efficiency  can  be  ensured  only  under  the  condition 
of  the  correct  selection  of  blade  profiles,  end  the  shape  of  the  contours  in  the 
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meridional  plane,  which  ensure  a  flow  structure  in  the  stage  which  is  close  to  that 
calculated . 

The  first  part  of  problem  —  the  selection  of  laws  of  distribution  of  flow 
parameters  along  the  radius  in  a  clearance  and  behind  the  stage  —  can  be  solved  on 
the  basis  of  various  premises  which  are  more  or  less  equivalent.  The  most  common 
ones  are  the  following  simplifying  assumptions: 

1.  Constancy  of  velocity  circulation  along  nozzle  and  moving  cascades,  (culr  @ 

*  const  and  cu2r  =  const)  for  a  uniform  field  of  axial  velocities  in  the  clearance 
and  behind  the  stage. 

2.  Constancy  of  vhe  outlet  angle  of  flow  from  the  nozzle  cascade  (a±  =  const) 
and  axial  outlet  of  flow  from  the  stage. 

5.  A  linear  law  of  change  of  sin  a^(r)  for  cylindrical  (constant  profile) 

nozzle  and  rotor  blades  constructed  under  the  condition  of  constant  performance 

* 

with  respect  to  height. 

4.  A  law  of  change  of  =  a^'(r-)  which  ensures  a  maximum  discharge  capacity 
for  the  stage  and  axial  outlet  from  the  stage. 

The  number  of  possible  variants  is  very  great  (theoretically  equal  to  infinity) 
in  accordance  with  the  fact  that  the  differential  equation  (206)  has  an  infinite 
number  of  solutions.  It  is.  obvious  that  the  quantity  of  practically  acceptable 
solutions,  which  correspond  to  the  conditions  of  rational  organization  of  the  flow 
in  a  turbine  stage,  is  limited.  For  this  reason,  and  also  considering  that  the 
equation  of  radial  equilibrium  (206)  is  approximate,  one  should  use  those  methods 
for  the  organization  of  flow  in  stages,  which  are  constructed  on  the  basis  of 
concise  physical  premises.  In  certain  cases,  when  designing  stages  with  vary  long 
blades  it  Is  expedient  to  combine  the  various  methods  for  organizing  the  flow, 
i.e.,  to  select  a  complex  law  of  change  of  angle  along  the  radius. 

It  should  be  emphasized  that,  in  accordance  with  the  equation  of  radial 
equilibrium,  the  twisting  of  nozzle  blades,  i.e.,  the  form  of  the  function  a^fr), 
hardly  affects  the  character  of  change  of  the  reaction  along  the  radius.  Consequently, 
for  any  method  of  twisting  a^(r)  with  radially  mounted  blades,  the  distribution  oi 
pressures  and  velocities  in  the  clearance  remains  about  the  same. 

Thus,  the  selection  of  a  rational  method  for  twisting  blades  is  reduced  to  t.»e 
solution  of  two  problems:  a)  the  establishment  of  an  optimum  shape  and  twist 


‘iiuamntoo  of  condition  Lu  =  const  causes  difficulties  in  connection  with  Un¬ 
sharp  growth  of  losses  in  the  root  and  peripheral  sections. 


nf  the  nozzle  blades  to  ensure  minimum  cascade  losses;  b)  profiling  of  the 
moving  cascade  to  ensure  minimum  losses  in  the  channels  and  with  the  outlet  velocity 
along  the  entire  height. 

As  shown  above,  the  question  concerning  the  selection  of  a  law  of  change  of 
Oj (r)  should  be  solved  with  the  meridional  shape  of  the  nozzle  cascade,  and  the 
shape  and  inclination  of  the  blades  taken  into  account. 

Considering  the  results  of  an  experimental  investigation  of  annular  nozzle 
cascades,  it  may  be  concluded  that  the  most  expedient  method  is  to  twist  the  blades 
according  to  the  selected  rational  distribution  of  static  pressures  in  the  clearance.* 

The  P-j^r)  diagram  can  be  influenced  by:  .a)  meridional  profiling  of  the  cascade 
contours;  b)  inclination  of  the  blades;  c)  distortion  of  the  blades  (the  application 
of  saber-like  blades).  In  certain  cases  it  is  necessary  (or  expedient)  to  employ 
combined  methods,  when  inclined  or  curvilinear  blades  are  designed  with  noncylindrical 
contours . 

The  application  of  curvilinear  nozzle  blades  Is  promising;  these  blades  provide 
a  distribution  of  gradients  in  the  vane  channels  and  static  pressures  behind  the 
cascade,  at  which  the  losses  in  the  nozzle  cascade  will  be  minimum,  and  the  rotor 
blades  obtain  a  minimum  twist.  It  is  then  possible  to  select  a  nozzle  blade  shape 
which  ensures  the  given  distribution  of  pressures  in  the  clearance  with  few  losses 
in  the  moving  cascade. 

In  certain  cases  this  problem  is  successfully  solved  by  the  application  of 
blades  that  are  Inclined  toward  the  flow.  Both  types  of  nozzle  cascades  increase 
the  vibration  reliability  of  the  rotor  blades:  during  rotation,  the  blade 
gradually  enters  (and  emerges  from)  the  edge  wake  of  the  nozzle  blade,  which  decreases 
the  inpulse  of  the  disturbing  force. 

Above  (see  §37)  we  obtained  formulas  for  the  calculation  of  stage  with  a ^  = 

=  const.  With  blade  twisting  under  the  condition  of  constant  circulation  (cu^r  = 

-  const)  the  outlet  angle  of  the  flow  from  the  nozzle  cascade  increases  linearly  from 
the  root  section  to  the  peripheral  section  in  accordance  with  the  formula 

tga,  =rtgcu.  (W 

Disregarding  the  small  distortion  of  flow  lines  in  the  meridional  plane 
(K^  -  1)  and  considering  that  the  efficiency  of  the  nozzle  cascad  remains  constant 

* At  supersonic  velocities  there  appear  peculiarities  which  impose  additional 
conditions  on  the  selection  of  blade  twist  (see  Chapter  VIII). 


along  the  radius  (tj^  =  const),  with  the  help  of  formula  (231* )  it  is  not  difficult 
to  obtain  the  following  equation  for  the  distribution  of  absolute  velocities  in 
the  clearance: 

^  r  ;  (255) 

U*|i +  ««*«,  jJ 

where 


Ki  =  exp  [q  arc  tg  (tg  au?)  -qau—p(?—l)] 
4  ~  £  p  j.  G*  c*g*a:*)  + 

Sij, 


p  = 


2B  H.-rdgo,« 

A  —  At  —  iljni*  r,slnvA 
1  r  r  r 

At  =  —sin  y„. 


(236) 


I 

Here  Kg  is  a  coefficient  that  considers  influence  of  blade  inclination  on  the 
velocity  distribution  behind  the  nozzle  cascade  with  blade  profiling  according  to 

i 

the  method  of  constant  velocity  circulation.  The  values  of  are  shown  in  Fig.  219- 
It  follows  from  this  that  for  large  angles  the  blade  inclination  has  a  practically 
equal  effect  on  the  distribution  of  velocity  and  reactions  in  the  clearance  for 
blades  that  are  twisted  under  the  condition  of  =  const  and  according  to  the 
method  of  constant  circulation. 

Consequently,  the  effect  from  the  application  of  inclined  and  curvilinear 
blades  practically  is  not  influenced  by  the  change  of  the  angle  of  flow  with  respect 
to  height,  expecially  at  large  values  of  a^. 

Equations  (215)  or  (235) ,  and  (236),  which  were  obtained  for  the  general  case 
of  a  variable  angl"'  of  inclination  y(r),  can  be  used  for  the  calculation  of 
curvilinear  blades. 

By  assigning  various  laws  of  change  of  Y(r)  and  finding  the  corresponding 
distribution  diagrams  of  static  pressure  along  the  radius,  it  will  not  be  difficult 
to  find  the  optimum  inclination  or  the  camber  of  the  nozzle  blades  by  means  of 
variant  calculations . 

As  an  example.  Fig.  220  gives  the  distribution  of  angles,  dimensionless 
velocities,  and  the  reaction  along  the  radius  for  a  stage  with  0  =  2.8.  Two  variants 
are  considered  here:  twisting  of  blades  with  =  const  (dotted  line)  and  ,  «^(r). 
In  the  last  case,  the  angle  from  the  mot  to  the  vertex  first  increases,  arid 
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Fig.  220.  Variation  of  stage  parameters  along 
the  radius,  with  0  =  2.8  and  x^m  =»  0.58 

(calculation).  Curves:  — ~ —  blades  mounted 

with  inclination; - - blades  mounted 

radially.. 


then  decreases,  and  the  nozzle 
blades  are  curvilinear.  The 
second  variant  has  indubitable 
advantages:  a)  the  reaction  at 
the  vertex  was  decreased  by  ±9# 

(pn  =  55#  instead  of  pn 
=  b)  the  entrance  angles 

to  the  moving  cascade  0*.  vary 
along  the  height  within  significant 
limits  (A0±  =  96°  and  ^  =  129°); 
twisting,  of  the  rotor  blades  is 
then  less  intense;  c)  the  velocities 
at  the  outlet  from  the  moving 
cascade  during  relative  motion  in 
the  peripheral  sections  are  lowered; 
d)  the  absolute  velocities  at 
the  outlet  from  the  nozzle  cascade 
vary  along  the  height  less 
intensely,  which  simplifies  the 
profiling  of  the  nozzle  cascade. 

At  the  same  time,  as  may  be  seen 


from  Fig.  220,  in  a  stage  with  saber-like  blades  the  angle  of  absolute  velocity 
stage 

behind  the/o^  varies  with  respect  to  height  more  intensely,  and  the  losses  with 
the  outlet  velocity  can  appear  larger  than  in  a  usual  stage.  These  circumstances 
must  be  considered  when  selecting  the  "saber-like  shape"  of  the  inclination  of 
the  blades. 

In  considering  the  expediency  of  the  application  of  inclined  or  saber-like 
blades,  one  should  also  bear  in  mind  that  the  selection  of  R  or  the  angle  of 
inclination  y  is  carried  out  with  the  necessary  change  of  taken  into  account, 
since  x$onT  depends  on  p, 

Let  us  consider  as  an  example  the  calculation  of  the  flow  in  a  stage  with 
nozzle  blades  of  constant  profile,  assuming  that  the  flow  at  the  entrance  to  the 
stage  has  a  uniform  velocity  field.  We  shall  set  up  the  following  problem:  find 
the  distribution  of  parameters  in  the  clearance  and  behind  the  moving  cascade  with 


respect  to  the  radius.  The  solution  of  this  problem  permits  the  additional  obtainment 
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of  initial  data  for  the  calculation  of  a  stage  with  blades  of  constant  profile  on 
the  basis  of  the  aerodynamic  characteristics  of  the  cascades,  and  it  can  be  used 
for  determining  the  optimum  cascade  flare  at  which  it  is  possible  to  apply  blades 
of  constant  profile. 

The  calculation  of  a  stages  with  blades  of  constant  profile  may  be  performed 
if  we  consider  that  the  angles  a ^  and  ?2  are  constant  along  the  radius.  A  more 
exact  method  of  calculation,  which  will  be  given  below,  consists  in  the  fact 
that  the  angles  and  02  are  given  in  the  form  of  functions  of  the  radius  r. 

This  method  is  expedient  to  apply  in  those  cases  when  the  stage  flare  is  considerable 
Numerous  experiments  show  that  the  angle  may  be  expressed,  depending  upon 
relative  pitch,  or  radius,  by  the  formula 

(257) 


Iga,  =  tg  aw  +  (0  _  1)  ( 7 -  1), 


where 


Atgai  =  tga.„  —  tgau. 


As  before,-  n  and  K  are  the  outlet  angles  of  flow  at  the  vertex  and  in  the 
root  sections,  respectively;  r  =  r/rR  >  rK  is  the  radius  ° f  the  root  sections; 
r  is  the  radius  of  a  current  section. 

We  shall  now  use  the  equation  of  radial  equilibrium.  Considering  that  the 
stage  generatrices  are  cylindrical,  we  use  the  first  equation  of  system  (l86a), 
representing  it  in  the  following  form; 

^  =  c?cos*a,£.  (186c) 

Substituting  (-257-)-  into  equation  (186c )  and  integrating  it,  we  will  obtain 


Here 


F(r)  =  J 


1  4- 


2Mi 

•  +"j 


x  — 


ClK 


(0  — i)(r—  l)  + 

*>i 


(258) 


b,(6—  l)*  r~  r,slv*. 
(r  ' 


bl—'T  (tg  ain  —  tg°tj«). 

For  the  determination  of  velocity  it  is  necessary  to  know  the  value  of  c^ 

In  the  root  section.  For  this  purpose  we  shall  use  the  continuity  equation,  writing 
it  for  cross  section  0-0  and  1-1: 


-j-irT1—  I)  =  J  <?jC,ar  dr, 


(259) 


o 
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where  cQa  and  c^ 
Pi  =  Pi/Po 


The  function 


are  the  axial  velocity  components  in  cross  sections  0-0  and  1-1 
(see  Fig.  217); 

is  the  relative  density  in  the  clearance  (pQ  is  the  current 
density  in  cross  section  0-0). 

cal  in  equation  (259)  can  he  found  by  the  formula 


Cl€  =  Cl  Sfa  °1 


g|tg«| 


or  approximately, 

~ evfii  *i"  at  =  ciK  sin olf  (240) 

where  is  found  by  means  of  formula  (257). 

The  above-mentioned  dependences  are  valid  if  the  flow  in  the  clearance  is 
subsonic.  For  mixed  flows  in  the  clearance,  when  in  the  lower  part  of  the  stage 
(at  the  root  sections)  c.,  >  a*^,  formula  (257)  is  not  applicable.  In  this  case 
it  is  necessary  to  consider  the  deflection  of  the  flow  in  the  slanting  shear  of 
the  nozzle  cascade  (see  Chapter  VIII). 

Let  us  now  turn,  to  the  calculation  of  the  flow  behind  a  stage.  We  shall  use 
the  fundamental  equation  (228)  and  integrate  it  for  q2  =  const  and  c^u-r  =  const  for 
the  adopted  law  of  change  of  angles  along  the  radius,  which  was  obtained  from 
experiments 

sin  p,  =  sin  pw  (0  —  1)  (r  —  l).  (241) 

As  a  result  of  integration,  we  find  the  approximate  expression: 


here  w2  K  is  the  value  of  w2  in  the  root  section; 

|30  „  is  the  vector  angle  w„  „  ; 

d  A  C.  A 

<7  =  3  —  I"*  —  *.(0—1)1*;  =  sin p,*; 

*i  =  4-  A  sin  p,  =  4- (sin  P*.  -  sin  pJ([). 

With  the  known  values  of  W_  it  is  easy  to  determine  the  available  heat  drop 

id 

in  the  stage. 

With  the  help  of  the  derived  formulas  it  is  possible  to  calculate  the  distribu¬ 
tion  of  parameters  along  the  radius  in  a  clearance  and  behind  a  stage  with  blades 
of  constant  profile. 

The  available  heat  drop  in  a  nozzle  cascade,  according  to  (258),  will  be 


i 


I 
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r  _  *«  If g>l» 


(245) 


It  is  also  possible  to  use  simplified  formulas.  Considering  that  F(r)  ~  1, 


we  find 


(243a) 


We  shall  now  find  the  change  of  the  degree  of  reaction  along  the  radius. 


Using  formula  (243),  we  obtain 


,_l— «— 


(244) 


where  hQ  =  h^  R  . 

Hence,  we  can  obtain  an  approximate  formula  for  determining  the  reaction  on  the 
mid-diameter  of  a  stage  with  untwisted  blades,  proceeding  from  the  given  value  of 
p„  in  the  initial,  i.e.,  root,  section. 

Considering  that  b^  »  0,  from  formula  (244)  we  will  obtain 


p  —  i _ J_n0*  /  0  —  I  \** 


(2*5) 


where 


Formula  (245)  has  a  limited  field  of  application.  It  is  obvious  that  it  is 
valid  for  relatively  large  0,  since  only  in  this  case  is  the  difference  of  a± 
small  at  the  vertex  and  at  the  root,  and  it  is  therefore  possible  to  assume  that 
bt  *  0. 

Of  practical  interest  is  the  possibility  of  determining  the  minimum  reaction 
on  the  mid-section,  at  which  in  the  root  section  the  reaction  is  pK  =0.  Corres¬ 
ponding  calculation  formulas  can  be  obtained  for  the  adopted  lav/  of  twisting.  Thus, 
for  instance,  when  =  const,  from  equation  (245)  it  is  not  difficult  to  obtain. 


for  pK  0, 


Of*  min  ^  I 


1  h  ,  2Mi  we- 1 

A.  (  '  l+n\)  V  9  ) 


or  approximately,  (b^  «  0) 


0  )  ' 


(240) 


Considering  a  stage  with  inclined  blades  and  conical  generatrices,  from  equation 
(223)  we  find 

-373- 


r 


,  76 — £  \IQq,rM'«, 

0<p  “  *  (  0  J  (KiKtKiP 


(247) 


v/here 


Approximately, 


rm  _  B 

rg  0—1  * 


_  »-I  2  .  ,  . 

Qrpmi*'^-  Qt  and  P««  *u  ^  -g-  ( for 0 > 6). 


The  initial  formula  for  the  degree  of  reaction,  (220),  makes  it  possible  to 

determine  the  difference ’of  reactions  in  the  peripheral  and  root  sections.  Since 

r  -  ®±± 
r*"FT’ 

then,  after  substitution  into  (247),  we  will  obtain 

4^fr - «  (aw) 

In  first  approximation, 

£  — c«  ,ye-i\» 
i-e«  ~\e+i;  • 

The  change  of  performance  on  the  wheel  can  be  found  in  the  following  manner: 

T  _  _ r  fin  •fOa 

*  i»c  C*IK  +  C**K  ’ 


where 


cmit  +  Owe ' 
^“Wj^jCOSp,  — «. 


u 


The  function  cul(r)  also  is  known.  Consequently,  the  quantity  L^r)  is 
determined. 

The  field  of  axial  components  of  velocities  behind  the  stage  is  calculated  by  , 

the  formula 

fia  =  ckS  tg  a,  =  tg  P,  =  (c„,  4-  u )  tg  ps. 

I 

By  using  the  obtained  relationships,  it  is  possible  to  analyze  the  variation 
of  parameters  along  the  radius  in  a  clearance  and  behind  a  stage,  and  to  estimate 
the  additional  losses  that  appear  in  a  stage  with  blades  of  constant  profile. 

The  results  of  corresponding  calculations  show  that  the  additional  losses  in  a 
stage  with  untwisted  blades  (losses  due  to  "nontwisting")  are  brought  about  by  the 
increase  of  outlet  losses,  the  change  of  the  entrance  angle  of  flow  to  the  moving 
cascade,  and  also  the  change  of  the  output  work  along  the  radius. 

The  flow  is  swirled  behind  the  stage;  balancing  of  the  velocity  field  is 
accompanied  by  losses  of  Kinetic  energy  which  must  bo  included  in  the  overall  ^  j 
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balance  of  stage  losses. 

The  results  of  calculations  perforat'd  with  the  proposed  method  for  stages  with 
cylindrical  contours  satisfactorily  coincide  with  the  experimental  data.  Additional 
losses  due  to  "nontwisting"  of  blades  can  be  determined  by  means  of  caluclation  only 
when  the  aerodynamic  characteristics  of  the  nozzle  and  moving  cascades  are  known 
from  the  data  of  static  tests. 

In  conclusion,  let  us  note  that  with  large  6  the  change  of  the  angles  a±  and 
P2  is  not  great  along  the  radius  (see  formulas  (257)  and  (241)).  The  calculation 
of  the  velocities  c^  and  wg  in  these  stages  may  be  performed  by  ;means  of  formulas 
which  are  easily  obtained  from  the  fundamental  equations  (258)  and  (242)  under  the 
following  assumptions:  =  const,  r2  =  const,  a ^  =  const,  and  02  =  const. 

Then 

ci~ r  » 

w  _  (1  —  tbc«,|M'~,|*I“,p*+gnt<x«tP»': 

*  1  +  thatfp* 


§  40.  RESULTS  OF  INVESTIGATIONS  OF  THE  EFFECT  OF  INDIVIDUAL  DESIGN 
ELEMENTS  ON  THE  EFFECTIVENESS  OF  STAGES  WITH  LONG  BLADES 

Numerous  experiments  show  that  the  transition  to  twisted  blades  in  stages  with 
0  <  10  leads  to  a  considerable  growth  of  efficiency.  The  boundary  of  twisting, 
which  is  within  the  zone  of  S  «  8-12  for  certain  stages,  depends  on  the  type  of 
stage,  and  its  geometric  and  performance  parameters  (M  and  Re  numbers). 

Therefore,  the  determination  of  the  boundary  of  twisting  is  possible  only 
experimentally  or  by  means  of  calculation.  In  the  last  case,  the  method  discussed 
in  the  preceding  paragraph  may  be  used.  For  each  type  of  stage  the  problem  is 
solved  separately. 

It  should  be  noted  that  the  boundary  of  twisting  is  not  universal,  and  for 
some  stage  it  lies  beyond  the  indicated  limits  (0  =  8-12).  The  dependence  of  the 
boundary  of  twisting  on  the  geometric  and  performance  parameters  of  a  stage  explains 
the  well-known  experimental  conclusion  concerning  the  essential  effect  of  losses 
due  to  "nontwisting,"  which  are  detected  for  various  values  of  0. 

We  shall  consider  certain  results  of  an  experimental  investigation  of  stages 
with  long  blades. 


The  Influence  of  Blade  Twisting 

The  .influence  of  twisting  the  rotor  blades  on  th.  efficiency  of  a  stage  with 


) 
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6  =  *».lS  was  investigated  by  P.  Vesely  and  I.  Camek  [132].  They  tested  five  stages 

with  an  identical  nozzle  cascade, 
but  with  differently  twisted  blades 
of  the  moving  cascades,  the  shapes 
of  which  are  shown  in  Fig.  221a. 

The  twist  of  the  rotor  blades  was 
changed  by  means  of  changing  the 
angle  of  incidence  of  the  profile  at 
the  vertex  Pyn.  The  angle  of 
incidence  of  the  profile  in  the  root 
section  and  the  shape  of  the  profiles 
for  all  sections  were  kept  constant. 

The  results  of  tests  for  one 
value  of  the  axial  clearance  are 
shown  in  Fig.  221b.  With  the  decrease 
of  the  angle  of  incidence  of  the 
profile  in  the  peripheral  section 
from  pyn  »  80°  to  Pyn  =  60°, 
the  maximum  blade  efficiency  of  the 
stage  increased  from  87  to  92.5# 
with  an  axial  clearance  of  6a  =  1.5  mm.  At  small  u/c ^  the  influence  of  twisting 
decreases.  The  influence  of  the  axial  clearance  in  the  investigated  range  lies 
within  the  limits  of  the  accuracy  of  the  experiment, 

A  detailed  investigation  of  the  structure  of  flow,  which  was  conducted  by  the 
authors,  distinctly  explains  the  influence  of  the  twisting  of  rotor  blades.  Figure 
222  shows  the  change  of  the  reaction  in  the  root  and  peripheral  sections  for 
differently  twisted  rotor  blades.  With  the  increase  of  Pyn,  the  reaction  in  the 
root  and  peripheral  sections  increases,  and  the  difference  in  reactions  also  increases 
somewhat.  This  result  was  expected,  since  with  the  increase  of  P  yn,  the  cross- 
sectional  area  of  a  moving  cascade  decreases.  Let  us  note  that  the  investigated 
stage  has  a  high  reaction  in  the  root  section,  the  maximum  value  of  which  reaches 
PK  w  20#  when  Pyn  =  55°. 

However,  tne  growth  in  efficiency  is  explained  not  so  much  by  the  Increase  of 
the  reaction,  but  uy  the  decrease  of  losses  in  the  moving  cascade  in  connection 
with  the  doorcase  of  the  angle  of  incidence,  and  also  by  the  lowering  of  losses 


•7 rw 


vs 

0,30 

vs 

VO 

Vs 

opo 


■ 

■ 

m 

m 

1 

R 

a 

■ 

n 

t’SSS 

\ 

_ * 

vm 

Si 

. 

_ 

■ 

■ 

m 

K 

5g 

_ 

"70* 

_ 

■ 

■ 

u 

1 

■ 

■ 

■ 

■ 

■ 

E 

i 

■ 

■ 

■ 

t. 

«  1,$MH 

■ 

m 

1 

S 

■ 

■ 

■ 

■ 

■ 

■ 

0,1  op  0,3  0.S  O.t  U/C, 

b) 


Fig.  221.  Influence  of  twisting  of  a 
moving  cascade  on  the  efficiency  of  the 
stage:  a)  shapes  of  rotor  blades j  b) 
blade  efficiency  depending  upon  angle  of 
incidence  of  profile  in  peripheral  section. 

With  Recl  =  1.5*10^}  9  =  4.18.  Experi¬ 
ments  of  P.  Vesely  and  I.  Camek. 


with  the  outlet  velocity. 


W' 


OSxp-u/Cf 


Analogous  experiments  were  performed  by  the 
authors  on  a  stage  with  the  ratio  8  =  J.14 .  The 
influence  of  twisting  of  rotor  blades  was  investigated 
in  a  wider  range  of  velocity  ratios  u/c^ .  Upon 
transition  from  blades  of  constant  profile  to  the 
optimum  version  with  twisting  of  the  peripheral  profile 
by  20°,  the  efficiency  at  optimum  u/c^  was  increased 

by  4.5-52. 

it  should  be  emphasised  that  the  influence  of 


twisting  in  two  of  the  investigated  stages  was  so 

Fig.  222.  Influence  of 
twisting  of  rotor  blades  considerable  mainly  because  the  pi  tfile  of  the  moving 
on  the  change  of  the  re¬ 
action  in  the  root  section  cascade  is  especially  sensitive  uc  changes  of  the 


and  at  the  vertex  under 
different  conditions  for 
stages  with  the  charac¬ 
teristics  shown  in  Fig. 
221. 


entrance  angle  of  flow. 

Experiments  with  different  nozzle  cascades  were 
conducted  for  a  stage  with  8  =  5.92.  The  moving 


cascade  for  all  investigated  variants  was  identical.  The  nozzle  cascades  had 
identical  distribution  of  angles  along  the  radius,  but  a  different  outlet  area. 

Variations  in  areas  were  attained  by  changing 
the  angles  of  incidence  of  the  nozzle  blade 
(Fig.  225).  The  efficiency  curves  of  these 
stages  distinctly  show  that  at  optimum  ratios 
f  J^~  u/c<f>  best  result  is  given  by  stage  No.  1 

vS'vs'y  with  a  maximum  flow  area  of  the  nozzle  cascade. 

»  For  u/c ^  <  0.55,  the  best  design  is  that  of 

the  stage  with  minimum  angles  a^. 

The  obtained  result  has  a  simple  physical 
,  explanation.  With  the  decrease  of  the  nozzle 

blade  angle,  the  angles  of  entrance P ^  to  the 
-  ffj5  o,i  o,«  0,5  o,s5  Of  o,S5  0,1  u/c,  moving  cascade  decrease.  With  decreased  u/c  ^  < 

Fig.  225.  Influence  of  the  <  (UA*)0I„  stage  No.  5,  the  entrance 

angle  of  incidence  ol'  the  pro-  ,  „  ,  ,  ..  , 

file  of  a  nozzle  cascade  on  the  “S1*8  arc  closer  to  than  in  stage* 


Fig.  225.  Influence  of  the  ^  u‘ 

angle  of  incidence  of  the  pro-  ,  „  ,  ,  ..  , 

file  of  a  nozzle  cascade  on  the  an^s  &±  are  closer  to  optimum  than  in  stage* 

efficiency  of  a  stage.  Values  , 

of  cross- sectional  ratios  are  ^  an^  which  also  leads  to  an  increase 

curve  No!  curve'1  No!  *5  =  in  tll°  efficiency  of  this  stage.  Under  optimum 


0.934.  With  Ho, 


-.5*105; 


0  a  5«92.  Experiments  of 
P.  Vosely  and  I.  Camek. 


conditions  (u/c^  =  0.65)  the  efficiency  of 

stage  No.  1  is  higher,  since  the  losses  In  the 
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nozzle  cascade  decrease  with  the  -growth  of  a^,  and-  the  angles  of  entrance  to  the 
moving  cascade  are  close  to  optimum.  In  the  three  compared  stages,  the  reaction 
in  the  root  and  peripheral  sections  under  all  conditions  was  different;  The  maximum 
difference  of  the  reaction  and  the  maximum  peripheral  reaction  corresponded  to  stage 
Ho.  5*  It  may  be  considered  that  this  result  to  a  small  extent  will  reflect  the 
Influence  of  the  reaction,  since  stage  No.  1,  with  the  large  reaction  in  the  root 
section,  has  a  lower  efficiency  at  small  u/c^. 

The  considered  projects  on  the  study  of  the  influence  of  twisting  the  blading 
of  large-flare  stages  include  the  results  of  the  earlier  experiments  of  V.  G. 
Tyryshkin  [107]  and  H.  N.  Bykov  [10].  The  last  work  gives  the  results  of  the 
investigation  of  four  stages  that  were  designed  according  to  the  following  specifi¬ 
cations. 

Stage  No.  1  "  culr  =  const;  stage  No.  2  —  with  decreasing  angle  to  root 
section  (Aa^  =  K  "  Cp  =  -5°);  stage  No.  5  —  with  increasing  angle  to 
root  section  (Aa^  =  +6°);  stage  No.  4  —  combined  (rotor  wheel  of  stage  No.  3  and 
nozzle  cascade  designed  according  to  the  method  of  cu^r  =  const). 

These  experiments  showed  (Fig.  224)  that  stages  No.  1,  2,  and  3  in  design 
conditions  (u/c  A  "°  .55)  have  about  the  same  efficiency  (approximately  30%).  In 

conditions  with  lowered  u/c^  » 
<=0.2,  the  efficiency  of  stage  No.  2 
was  4.5#  higher,  and  the  efficiency 
of  stage  No.  3  was  6.5#  lower,  as 
compared  to  stage  No.  1.  Stage 
No.  4  has  maximum  efficiency  In  a 
wide  range  of  conditions.  In 
design  conditions,  the  increase 
of  efficiency  of  this  stage  amounts 
to  3#;  at  u/c^  =  O.35,  it  is  6#, 
and  at  u/c^,  =  0.2,  it  Is  ~3#,  as 

compared  to  stage  No.  1. 

The  considered  stages  had 
identical  data  on  the  mid-diameter 

(aIcp  =  20  '  Pep  "  0,5;  e2  ~  p2/p0  = 
=  0.435)  and  an  equal  ratio  of  0  =. 

=6.  It  should  be  emphasized  that  at 


nl> 

0,90 

0,80 

0J0 

0,00 

0,50 


1 

■ 

■ 

u 

■ 

■ 

■ 

i 

■ 

H 

i 

*3 

■ 

m 

■ 

■ 

m 

■ 

■ 

m 

a 

■ 

I 

■ 

m 

■ 

■ 

■ 

0.1 


0,2 


0,3  0,9  0,5  OJS  U/c , 


Fig.  224.  Comparison  of  the  effectiveness 
of  four  stages  designed  v/ith  various  laws  of 
twisting  according  to  the  experiments  of 
N.  A.  Bykov  [10],  Curves:  No.  1  — □  — □  — 

cui*r  =  const;  No.  2  -  A  -  A  ~  Aa^  =  -5°; 

No.  3  -  x  -•  x  -  Aa^  =  +6°;  No.  4  -  O  -  O  - 
combined  (nozzle  cascade  cur  =  const,  rotor 

wheel  of  stage  Aa^  =  +6°). 
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the  indicated  pressure  ratio  the  velocities  in  the  flow  area  of  the  stage  were 
transonic.  Thus,  the  comparative  estimates  of  the  various  methods  of  twisting 
that  were  obtained  in  this  work  are  characteristic  for  transonic  velocities.  The 
advantages  of  stage  in  No.  4,  in  the  opinion  of  the  author,  are  explained  by  the 
lowering  of  losses  in  the  root  and  peripheral  sections  of  the  moving  cascade,  since 
in  this  stage  the  reaction  in  the  root  is  high;  the  losses  at  the  periphery  were 
lowered  in  connection  with  the  increase  of  the  entrance  angles  P^.  The  sharp 
lowering  of  effectiveness  of  stage  No.  J  in  off-design  conditions  indicates  that 
this  twisting  of  the  nozzle  cascade,  with  an  increasing  outlet  angle  cr,  to  the 
root,  leads  to  an  Intense  decrease  of  the  angles  of  entrance  to  the  moving  cascade 
at  lowered  u/c^ .  Furthermore,  in  this  stage  the  specific  flow  rates  of  gas  in 
the  peripheral  sections  are  decreased,  while  in  the  root  sections,  where  the 
losses  are  essentially  higher,  they  increase.  The  impractical  distribution  of  flow 
rates  is  quite  evident  in  off-design  conditions.  One  should  note  the  satisfactory 
characteristics  of  stage  No.  2,  which  was  designed  with  an  untwisted  nozzle  cascade 
and  a  moving  cascade  that  was  profiled  in  accordance  with  the  change  of  the  angle 
^(r). 

The  results  of  a  detailed  investigation  of  the  structure  of  the  flow  in  the 
four  stages  show  that  the  sharp  divergence  of  the  efficiency  curves  with  decreased 
u/c^  is  also  explained  by  the  different  influence  of  compressibility  (M  number) 
on  the  characteristics  of  nozzle  and  moving  cascades  that  were  profiled  by 
various  methods. 

When  considering  the  comparative  investigations  of  the  laws  of  twisting,  one 
should  bear  in  mind  that  the  above-described  results,  and  also  other  investigations, 
[1.8] ,  [47],  and  [13?],  ai’e  of  particular  value  and  cannot  be  generalized. 

The  influc  ice  of  the  method  of  profiling  stages  with  large  flare  essentially 
depends  on  the  geometric  and  performance  parameters  of  the  stage.  In  connection 
with  the  fact  that  systematic  experiments  with  different  0,  M,  Re,  etc.  were  not 
conducted,  the  recommendations  that  follow  from  the  experiments  of  individual 
authors  bear  a  random  character.  The  results  of  work  [10]  should  be  considered  in 
this  light,  which  is  also  confirmed  by  V.  M.  Akimov's  experiments. 

Influence  of  the  Degree  of  Reaction 

In  the  experimental  investigation  of  stages  with  twisted  blades,  significant 
attention  is  allotted  to  the  influence  of  the  reaction.  Since  with  the  radial 
arrangement  of  nozzle  blades  the  change  of  the  reaction  along  the  radius  hardly 
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depends  on  the  law  of  twisting,  the  study  of  the  Influence  of  the  reaction  reduces 
to  an  estimate  of  the  correctness  of  the  selection  of  the  root  reaction.* 

As  a  rule,  the  reaction  in  the  root  section  is  small  and  positive.  It  is 
known  that  if  pK  <  0,  then  in  the  root  sections  there  can  appear  a  separation. 

In  this  case,  through  the  root  clearance  there  is  developed  an  intense  suction  of 
gas.  However,  a  considerable  positive  reaction  in  the  root  section  can  also 
negatively  affect  the  economy  of  a  stage  due  to  the  increase  of  leakages  through 
the  radial  clearance,  since  this  increases  the  reaction  at  the  periphery.  At  the 
same  time,  an  increase  of  the  root  reaction  lowers  the  leakages  through  the  sealing 
(or  through  an  unsealed  radial  clearance)  of  the  nozzle  cascade.  The  root  reaction 
should  be  selected  with  the  design  of  the  flow  area  taken  into  account,  depending 
upon  the  magnitude  and  method  of  sealing  the  radial  clearances  of  the  nozzle  and 
moving  cascades,  which  are  presented  in  §  4l. 

A  number  of  works  show  that  the  root  reaction  essentially  affects  the  efficiency 
of  a  stage  whose  cascades  are  aerodynamically  improved. 

The  investigation  of  a  stage  with  0  =  4.5 
[106],  at  low  velocities,  showed  that  for  the 
given  specific  conditions  the  optimum  degree  of 
the  reaction  in  the  root  section  is  on  a  level  of 
about  10 %  (Pig.  225). 

It  should  be  emphasized  that  these  experiments 
give  only  tentative  values  of  the  root  reaction, 
which  must  be  selected  in  every  separate  case, 
considering  the  specific  peculiarities  of  perfor¬ 
mance  of  the  given  stage. 

Experiments  conducted  at  MEI  did  not  indicate 
a  clear  dependence  of  stage  efficiency  on  the 
reaction  in  the  root  section.  Tests  of  a 
considerable  quantity  of  stages  with  different 
variants  of  MEI  cascades  showed  that  a  small 
positive  reaction  in  the  root  section  with  good 
sealing  of  the  nozzle  cascade  provides  maximum 
stage  efficiency  (see  Chapter  IV). 


reaction  In  the  root  section 
pI(  on  the  maximum  efficiency 

i|0J1  of  a  stage,  according 

to  the  experiments  in  [106], 


"Selection  of  the  root  reaction  for  optimum-flare  stages  of  steam  turbines  is 
substantiated  in  Chapter  VIII. 


Of  interest  are  the  results  of  an  investigation  of  a  group  of  stages  with  long 
blades  at  the  NZI.  laboratory  [18],  [19].  For  the  purpose  of  studying  the  influence 
of  the  reaction  on  efficiency,  tests  were  conducted  with  three  stages  having  a 
different  number  of  rotor  blades.  On  the  basis  of  these  data,  a  decrease  of  the 
reaction  in  the  root  section  to  -6#  does  not  lead  to  a  noticeable  lowering  in 
efficiency,  which  coincides  with  the  MEI  results. 

Influence  of  Hozzle  Blade  Twisting 

Above,  in  §  39,  it  was  indicated  that  a  number  of  stages  (with  not  too  small  0) 
may  be  manufactured  with  cylindrical  (untwisted)  blades.  Appropriate  experiments 
were  conducted  by  LMZ,  MEI,  TsKTI,  and  NZL  (see  Chapter  VIII).  The  experiments 
indicated  that  the  application  of  untwisted  nozzle  cascades,  even  with  large  stage 
flare,  provides  a  high  stage  economy. 

As  shown  in  §  39  >  the  distribution  of  angles  along  the  radius  in  such 
cascades  is  linear,  and  the  change  of  the  velocity  circulation  is  relatively  small. 
Consequently,  a  cascade  of  constant  profile  comparatively  little  differs  from  a 
nozzle  cascade  that  is  twisted  under  the  condition  of  culr  =  const. 

The  TsKTI  investigation  [7]  was  conducted  with  two  stages,  0  =  2.95>  the 
nozzle  blades  of  which  were  untwisted.  The  variation  of  cos  along  the  radius 
for  the  nozzle  cascade  was  close  to  linear.  The  rotor  blades  were  twisted  under 
the  condition  of  a  constant  heat  drop  along  the  radius.  TsKTI  profiles  TH-2  and 
T-3  were  used  for  the  stage.  The  moving  cascades  were  designed  in  two  variants: 
in  stage  No.  1  the  blade  chord  did  not  vary  with  respect  to  height,  while  in  stage 
No.  2  it  decreased  toward  the  tip.  The  relative  pitch  of  the  rotor  blades  in  the 
peripheral  section  for  stage  No.  1  amounted  to  tn  =  1.062,  and  for  stage  No.  2 
it  was  tn  =  1.416. 

The  experiments  were  conducted  at  low  velocities  (Mq1  «  0.25)  and  Recl  numbers 
equal  to  1.9-3.8*10^.  The  efficiency  curves  of  the  two  stages  are  shown  in 
Fig.  226.  The  maximum  values  of  efficiency  of  the  two  stages  were  approximately 
identical  and  equal  to  q  QJJ  =  91#  (including  the  losses  due  to  leakages  in  the 
peripheral  section).  This  result  shows*  that  at  low  velocities  it  is  quite  permissible 


* Somewhat  overestimated  values  of  efficiency  and  optimum  were  obtained  in 
these  experiments,  and  the  independence  of  efficiency  from  the  Reynolds  number  was 
found  in  the  range  of  Recl  =  (1.9-3.88)*10^,  whereas  the  experimental  points  of  q0J. 
which  refer  to  smaller  Rocl,  are  higher  as  a  rule.  [FOOTNOTE  CONT'D  ON  NEXT  PAGE] 


0 


to  employ  of  large  relative  pitches  in  the  peripheral  sections.  Furthermore,  the 

described  exDeriments  confirm  that  the  aoplication  of 
MWfc*  |  nozzle  blades  of  constant  profile  is  permissible  also 

_ „ _ I  I  y  _  ^  for  large-flare  stages  (0  =  2.95). 

Smm  J  u  1  I  A  detailed  investigation  of  the  structure  of  the 

v////////^  ^vz/Jy/sW,  flow  in  a  clearance  and  behind  a  stage  was  conducted 

vfi/yz\  4  ^  by  Kh.  L.  Babenko.  The  distribution  . 

of  the  reaction  in  the  clearance  (Fig. 
227)  was  close  to  the  calculated 
value  whereby  a  change  of  the  distance 
of  the  measuring  section  from  the 
trailing  edges  of  the  nozzle  cascade 
practically  did  not  lead  to  a  change 


’*"0.5  0,5  0,7  0,0  H9  40  - 

*  <¥ 

Fig.  226.  Dependence  of  the  value  of 
blade  efficiency  on  x^  for  two  stages 

with  nozzle  blades  of  constant  profile. 
With  0  =  2.95  Mcl  =  0.13  to  0.25.  Stage 

No.  1  with  constant  blade  chord;  stage 
No.  2  with  variable  blade  chord.  Accord¬ 
ing  to  TsKTI  data:  points;  0  —  0  for 

Rccl  73  x  -  x  Recl  =  2.5*105; 

0-0  Re^  =  3.8-105. 


of  the  curves  for  p(r).  This  result 
is  not  confirmed  by  the  data  on  the 
investigation  of  annular  cascades  in 
§§  35  and  36. 

Figure  227  also  shows  the  distri¬ 
bution  of  pressure  and  angles  in  a 
clearance  and  behind  a  stage.  One 
should  note  the  uniformity  of  the 
fields  of  static  and  total  pressures 
behind  the  moving  cascade.  The  diagram 


of  !,otal  pressures  in  the  clearance  also  is  characterized  by  satisfactory  uniformity. 

At  the  same  time,  the  outlet  angles  of  the  nozzle  cascade  differ  essentially 
from  the  computed  values,  whereby  in  the  root  sections  and  at  the  periphery  there 
is  noted  a  sharp  growth  of  angles  a^,  which  may  be  explained  by  the  increase  of 
losses  in  these  zones. 

The  results  obtained  at  the  NZL  laboratory  for  three  stages  with  0=5,  which 
are  shown  in  Fig.  228,  somewhat  contradict  the  TsKTI  data.  The  values  of  the  angles 
in  different  sections  are  the  following: 


[FOOTNOTE  OONT'D  FROM  PRECEDING  PAGE] 

It  ma.y  he  assumed  that  these  deviations  are  connected  with  a  certain  error  in 
the  calibration  tests  for  determining  the  losses  due  to  disk  friction  and  the 
bearing  losses. 
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Pig.  227;  Distribution  of  reaction,  static  and  total  pressures  along  radius, 
and  distribution  of  angles  in  clearance  and  behind  stage  No.  1  (see  Fig.  226). 
Curves:  -  (solid)  experiment;  -  (dotted  line)  —  calculation. 


Stage  No.  1  was  designed  with  twisted  nozzle 

blades;  stages  No.  2  and  No.  3  had  cylindrical  nozzle 

blades.  The  efficiency  curves  of  stages  No.  1  and 

No.  2  practically  coincide,  and  the  efficiency  of 

stage  No.  3  was  1.8-2. 0%  lower.  The  decrease  in 

Fig.  228.  Results  of  the  efficiency  of  this  stage  is  explained  not  so  much  by 

investigation  of  three 

stages  with  nozzle  blades  the  appearance  of  flare  losses,  as  noted  by  the 

twisted  under  the  condition 

oi  cul  r  const  (stage  No.  author  of  [19] ,  but  by  the  decrease  of  the  outlet 
1)  and  blades  of  constant 

profile  (stages  No.  2  and  angle  a^,  which  led  to  a  lowering  of  the  reaction  and 

No.  3).  NZL  experiments. 

the  entrance  angles  of  flow  to  the  rotor  blades. 

Those  experiments  were  also  conducted  at  low  velocities  (Mcl  =  O.lf  to  O.H'j) 
and  Recl  numbers  (2.5  to  ?.0)LCp,  The  obtained  results,  on  the  whole,  confirm 
the  MBI  conclusions  concerning  the  practicality  of  employing  stages  with  untwisted 
nozzle  blades  in  stages  with  0  3  to  5  at  subsonic  velocities  along  the  entire 
height  of  the  nozzle  cadcado  (sec  Chapter  IX). 
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Influence  of  Individual  Design  Elements 

The  efficiency  of  a  stage  does  not  only  depend  on  the  way  the  blades  are 
twisted.  An  essential  influence  on  its  effectiveness  is  rendered  by  a  number  of 
design  elements : 

a)  the  axial  clearances  between  cascades; 

b)  the  radial  clearances  between  the  stator  (or  rotor)  and  the  blade  tips,  and 
the  way' they  are  sealed; 

c)  the  amount  of  overlap; 

d)  the  wire  connections,*  .and  also  the  methods  of  organizing  the  flow  before 
and  after  the  stage. 


In  connection  with  the  evident  difficulties  of  theoretical  research,  the 
influence  of  the  enumerated  elements  was  studied  experimentally  by  different  author; 

[5],  [7],  [47],  [66],  [106]. 


Influence  of  Axial  Clearances 

Detailed  investigations  of  the  influence  of  open  and  closed  axial  clearances 
on  the  efficiency  of  a  large-flare  stage  were  performed  at  the  laboratories  of 


Fig.  229.  Influence  of  a  peripheral 
open  axial  clearance  on  the  efficiency 
of  a  stage  with  twisted  blades.  Accord¬ 
ing  to  LMZ  experiments  at  =  4.5*10'’; 

0  «  4.6;  ba  =  3.4*;  6p  -  8.1*' 


♦The  influence  of  wire  connections  i.s 


BUM,  LMZ,  TsKTI,  and  MEI. 

Stage  efficiency  varies  noticeably, 
depending  upon  the  size  of  the  open 
axial  clearance  at  the  tip  6orT 

till 

(Fig.  229)  for  sufficiently  large  relative 
radial  clearances  6p.  Actually,  as  may 
be  seen  from  Fig.  229,  the  change  of 
blade  efficiency  as  a  function  of  an 
open  peripheral  clearance,  according  to 
LMZ  experiments,  follows  a  linear  lav;. 

It  is  known  that  when  "&an  > 

>  "Bp  the  efficiency  of  a  stage  depends 
slightly  on  U  ,  since  in  this  case  the 
losses  due  to  leakage  over  the  shroud 
are  already  determined  by  the  radial 
clearance. 

Experiments  conducted  at  LMZ  by 

not  considered  here. 
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A.  0.  Lopatitskiy  and  M.  A.  Ozernov  confirmed  the  essential  influence  of  an  open 


Ofi  0,S5  0,$  O.SS  0,7  m0 


Fig.  230.  Influence  of  a  peripheral 
open  axial  clearance  "5a  n  on  the  re¬ 
action  in  the  root  and  peripheral  sec¬ 
tions,  depending  upon  x^.  LMZ  ex¬ 
periments  with  Re  .  =  5 •lO-’j  M  .  - 
=  0.5;  0  =  4.6. 

In  the  TsKTI  project  quoted  above  [7], 


axial  clearance  on  the  reaction  at  the 
tip  and  in  the  root  section  p 
(Fig.  230).  With  the  increase  of 
"5an  the  peripheral  reaction  pn 
drops.  The  reaction  in  the  root  section 
p„  as  a  function  of  3  varies 
irregularly:  in  the  beginning,  with  the 
growth  of  ”6  the  reaction  p 

Oil  H 

increases  somewhat,  and  then  decreases. 
If  the  root  reaction  depends  upon  the 
given  clearance,* 


in  accordance  with  the  LMZ  experiments, 
in  a  wide  range  of  variation  of  t>np, 

PK  remains  constant. 

the  influence  of  the  total  axial 


clearance  6&  (Fig.  226)  which  varied  from  12  to  37  mm  was  investigated.  The  relative 

6 

axial  clearance  =  -A  varied  correspondingly  from  TJ  =  8.3  to  25,5$.  In  this 

a  "2  fit 

range  of  variation  of  T>  .  the  efficiency  continuously  decreased,  and  at  "6  =25.5$ 
it  decreases  by  1-1.5$.  It  should  be  borne  in  mind  that  the  TsKTI  stage  was 
designed  with  a  high  reaction  in  the  root  section. 


The  experiments  of  LMZ,  BITM  and  MEI  confirm  the  existence  of  an  optimum  closed 
axial  clearance  in  large-flare  stages. 


Thus,  for  Instance,  for  a  stage  with  6  =  4.6,  maximum  efficiency  was  obtained 
when  6^  **  15$  (Fig.  231).  It  was  determined  that  the  total  axial  clearance  essentially 
affects  the  degree  of  reaction  in  the  peripheral  sections  and  especially  in  the 
root  sections  (Fig.  232). 


"The  formula  for  63KB  is  approximate  here.  See  Chapter  II. 


••w  |  T 


X.' 0.511 


7  5  10 

12,5  15 

Fig.  251.  Change  of  blade  efficiency,  T|0J1,  de¬ 
pending  upon  total  axial  clearance,  5  .  Accord- 

Si 

ing  to  U>1Z  experiments  with  Re0l  =  5*10^;  M  ^  = 
=  0.5;  0  =  4.6;  6an  =  0.71ft  6p  -  0.3ft 


A  change  of  the  total  axial 
clearance  also  affects  the  effi¬ 
ciency  of  a  stage  for  several 
reasons;  a)  in  connection  with 
the  change  of  the  peripheral 
nonuniformity  of  the  velocity 
field  at  the "entrance  to  the 

Fig.  251.  Change  of  blade  efficiency,  T|0J1,  de¬ 
pending  upon  total  axial  clearance,  5a*  Accord-  moving  cascade;  b)  due  to 

ing  to  LMZ.  experiments  with  Recl  =  5*105;  Mc±  =  twisting  of  the  flow  and  the 
=  0.5;  0  =  4.6;  6an  =  O.71#;  6p  =  0.5$.  corresponding  change  of  the 

angles  of  entrance  to  the 

moving  cascade,  the  reaction,  and  the  mean  velocities  in  absolute  and  relative 
motion;  c)  in  connection  with  the  change  of  losses  due  to  friction  in  the  clearance 

and,  in  certain  cases,  with  the 

P.i - - - - - - - - - - 

aopearance  of  separation;  c'  in  connection 

QSO - —  »— - - 

with  the  eddy  effect  of  the  stage  (see 

O.ns - p/- - 

jr*  §41}.  which  appears  in  the  nonuniform 

0.1S  *—■ — - - -  I  I 

.  2'L  5  ^  ^  12,5  15  17,5  20  22,5  *5  distribution  of  total  energy  along  the 

j - - - - , - - - - - 

5 _ \ _ radius,  whereby  the  degree  of  this 

_ nonuniformity  increases  as  the  clearance 

^ _ _ *  increases.  The  overall  influence  of 

0.75 - — =  - 

•  all  these  factors  predetermines  the 

005  _  I  I 

5  V  10  12£  15  11,5  20  22,5  25 !,.%  shape  of  thc  curve  for  ^  =  f(d'a). 

Fig.  232.  Change  of  the  root  and  which  has  a  different  character,  depend- 

peripheral  reaction  of  a  stage,  depend¬ 
ing  upon  t>a.  According  to  LMZ  expert-  ing  on  the  geometric  and  performance- 

ments  with  0  -  4.6;  x^  =  0.6;  Recl  =  parameters  of  the  stage. 

-  c.  •  1  r>5 .  m  _  n  n 

0  ’  cl  Thus,  with  the  increase  of  6  ,  the 

cl 

losses  in  t»e  clearance  increase;  tnese  losses  are  connected  with  the  balancing 
of  pitch  nonuniformity,  the  losses  due  to  friction,  and  losses  caused  by  the  eddy 
effect.  However,  the  losses  in  the  moving  cascade,  which  are  caused  by  the  non- 
uniformity  of  the  velocity  fields  and  angles  at  entrance,  and  also  the  profile 
and  end  losses  in  connection  with  the  growth  of  the  entrance  angles  3^,  decrease 
in  this  case. 

In  certain  experiments  it  was  revealed  that  with  a  negative  reaction  in  the 
root  section  the  optimum  axial  clearance  increases. 


2,5  5  7,5  10  12J5  15  17,5  20  Uj  25  St,% 

"1X1  I  !  «fV  I  I  I  I  I 


‘  V  5  7JS  10  12f  15  17,5  20  22,5  25  !,J. 

Fig.  232.  Change  of  the  root  and 
peripheral  reaction  of  a  stage,  depend¬ 
ing  upon  b  .  According  to  LMZ  expert- 

3. 

ments  with  0  =  4.6;  x^  =  0.6;  Recl  = 

=  5-105;  Mcl  =  0.5. 
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The  qualitatively  different  influence  of  the  axial  clearance,  depending  upon 
the  reaction,  is  physically  explained  by  the  fact  that  when  p„  <0  the  balancing 
of  the  flow  behind  the  nozzle  cascade,  which  occurs  at  considerable  distances  behind 
it,  promotes  an  increase  of  efficiency.  Moreover,  into  the  moving  cascade  there 
enters  an  equalized  flow  with  large  angles  0^,  and  the  losses  in  it  are  lowered. 
However,  in  this  case  the  losses  due  to  friction  in  the  clearance  increase. 

With  a  high  reaction,  the  balancing  of  the  flow  in  the  clearance  plays  a 
smaller  role,  since  the  moving  cascade  is  convergent  and  turns  out  to  be  less 
sensitive  to  nonuniformity  and  cnanges  of  angle  0^  at  the  entrance.  In  this  case 
the  additional  losses  due  to  friction  in  the  clearance  are  decisive. 

An  increase  of  the  axial  clearance  has  a  favorable  effect  on  the  vibration 
reliability  of  the  moving  cascade.  Consequently,  increased  axial  clearances  should 
be  applied  if  it  does  not  lead  to  a  lowering  of  stage  efficiency. 

The  experiments  of  ME I  and  BITM,  just  as  the  LM'7  experiments,  pointed  out 
the  existence  of  an  optimum  axial  clearance  which,  obviously,  is  physically  more 
justified  than  a  continuous  change  of  efficiency  as  a  function  of  the  clearance. 

Influence  of  Radial  Clearance 

The  stage  efficiency  of  a  gas  and  steam  turbine  is  considerably  influenced 
by  the  radial  clearance.  The  long  rotor  blades  in  many  cases  are  designed  without 
shrouding,  and  leakage  is  decreased  in  them  by  decreasing  and  sealing  of  the  radial 
clearance  between  the  stator  and  the  tips  of  the  rotor  blades.  Sealing  of  the 
radial  clearances  between  the  nozzle  cascade  and  rotor  is  also  an  important  problem. 

The  .influence  of  the  radial  clearance  on  the  efficiency  of  an  unshrouded  stage 
was  investigated  by  BITM,  LMZ,  NZL,  KAI,  TsKTI,  and  MEI.  In  addition,  the  TsKTI 
conducted  investigations  of  the  influence  of  the  radial  clearance  of  nozzle  cascades 
The  losses  in  the  radial  clearance  of  a  moving  cascade  besides  the  size  of  the 
clearance,  are  influenced  also  by  a  number  of  geometric  and  performance  parameter? 
of  the  stage,  which  determine  the  structure  of  the  flow  in  the  peripheral  sections. 
These  par'imoters  include  the  pitch,  chord,  and  shape  of  the  profile  in  the 
peripheral,  section,  the  flare  of  the  moving  cascade  and  its  relative  height,  thc- 
angles  of  Inlet  and  outlet  of  flow,  and  the  Re  and  M  numbers  in  the  peripheral 
section.  Thus,  of  decisive  value  are  the  parameters  which  determine  the  intensity 
of  the  secondary  flows  and  the  reaction  at  the  tip. 

The  physical  structure  of  the  three-dimensional  flow  in  the  radial  clearance 
of  unshruudud  cascades  has  been  studied  insufficiently,  and  the  existing  methods 


of  calculation  mainly  use  a  continuity  equation  with  experimental  correcting 
factors,  or  purely  empirical  dependences  whose  field  of  application  is  limited. 

The  use  of  the  continuity  equation  calculation  is  based  on  the  assumption  that 
the  losses  caused  by  a  radial  clearance  are  determined  mainly  by  the  leakage  of  gas. 
This  assumption  is  a  considerable  simplification  of  the  problem,  in  the  solution 
of  which  it  is  necessary  to  consider  the  influence  of  leakage  of  the  stagnant  layer 
from  the  concave  surface  to  the  convex  surface  over  the  stator  and  through  the  open 
end  of  the  blade. 

The  existence  of  the  dependence  of  losses  in  the  radial  clearance  of  rotor 
blades  on  the  above-mentioned  parameters  is  confirmed  by  experiments.  Figure  235a 

gives  corresponding  results  that  were  obtained 
by  LMZ  and  TsKTI.  The  figure  shows  the  relative 


Fig.  233.  Influence  of  radial 
clearance  on  the  efficiency  of 
a  stage  with  twisted,  un¬ 
shrouded  blades:  a)  change_of 
efficiency,  depending  upon  5p; 

TsKTI  experimental  points: 

□  -  □  -  pcp  =  16$;  0  =  12.4; 

•  -  •  -  pcp  =  22$;  0  =  7.7; 

A  -  A  -  pcp  =  50$;  0  -  4.5; 

LMZ  experimental  points: 

O  —  O  -  pCp  =  60%;  0  =  6.8;  b) 

generalized  curve  of  losses  in 
radial  clearance,  according  to 
A.  le .  Zaryunkin;  experimental 
points:  O  —  O  —  0  -  12.4; 
x  —  x  —  0  -  11;  •  —  •  —  0  = 

=  7.7;  A  —A  -  -  4.5. 


decrease  in  stage  efficiency,  Aq0J,  =  Ai}oj,/At)OJ,0 

(40JI0  is  staSe  efficiency  with  =  0), 

depending  upon  the  relative  radial  clearance  for 
different  stages  with  negative  (TsKTI  experiments) 
and  positive  (LMZ  experiments)  overlap.  One 
should  note  the  stratification  of  the  experimental 
points  that  refer  to- stages  with  different  flare 
0  and  with  a  different,  reaction  on  the  mid-section. 

The  influence  of  flare  is  physically  explained 
by  the  fact  that  with  the  change  of  0  the  reaction 
in  the  peripheral  section  changes  (for  the  given 
values  of  pK  in  the  root  section),  and  the 
transverse  and  radial  pressure  gradients,  which 
determine  the  structure  of  the  secondary  flows, 
also  change  in  the  channel  at  the  tip.  An 
increase  of  the  reaction  on  the  mid-section  leads 
to  an  increase  of  the  reaction  on  the  periphery 
and  consequently,  to  an  Increase  of  leakage. 


Of  interest  is  an  estimate  of  the  influence  of  blade  twisting  on  the  losses 
in  a  radial  clearance.  A  comparison  shows  that  for  small  relative  clearances  the 
efficiency  of  a  stage  with  twisted  blades  is  higher;  with  the  increase  of  the 
clearance,  the  advantage  of  twisted  blades  decreases  and  it  disappears  when  the 
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clearances  become  large. 

The  results  of  the  experiments  make  it  possible  to  conclude  that  in  a  wide 
range  of  variation  of  Gp  the  dependence  75^(6  )  can  be  assumed  to  be  linear. 

'fhc  losses  due  to  the  radial  clearance  depend  on  the  performance  parameters: 
u/cdf)’  Ke'  and  M*  The  influence  of  u/c^  is  explained  by  the  fact  that  when 
this  parameter  changes,  the  reaction  in  all  sections  of  the  stage  changes,  including 
the  reaction  at  the  periphery;  the  intensity  of  the  secondary  flows,  which  depends 
on  t.,e  entrance  angle  @1,  also  changes.  The  Re  and  tl  numbers  render  an  influence 
on  the  intensity  of  the  secondary  flows  in  the  peripheral  sections  of  the  channel 
and  in  the  clearance.  However,  the  influence  of  the  last  two  factors  has  not  yet 
been  studied. 

The  losses  due  to  the  radial  clearance  are  decreased  by  applying  the  various 
methods  for  aerodynamic  sealing  of  the  clearance  which  are  shown  in  Pig.  254.  An 


Fig.  234.  Methods  for  sealing  the  radial 
clearance  of  unshrouded  rotor  blades  and 
noir  influence  on  efficiency,  depending  oi 
the  given  clearance,  60KB.  LMZ  experiment: 

For  variant  V:  point  O  -  =  5.7  mm;  5  „ 

P  '  al 


=  18  nun;  =  3  mm;  •  -  6p  »  0.275  nun; 

2 *7  mm.  For  variant  VI:  point  x  -  5  = 
•’  %  "  6aJ  2  mm;  A  -  Ga  =  5  =  3  mm;  0  A 
“  mm>  A  ~  sa  -■  2  mm;  „  3.0  nun; 

-=  18  nun.  Height  of  rotor  blade,  lg  =  89  mm. 


investigation  of  the  influence  of 
tapering  blade  ends  (variants  I  and 
la)  made  at  the  NZL  laboratory  proved 
that  this  method  for  lowering  of 
leakage  did  not  give  the  expected 
results.  However,  the  application 
of  tapered  blades  in  an  unshrouded 
stage  design  is  practical  in  certain 
cases,  since  it  makes  it  possible 
to  apply  smaller  radial  clearances 
In  real  machines.  It  should  also 
be  borne  in  mind  that  tapering  that 
is  done  on  the  back  provides  a 
certain  increase  of  stage  efficiency. 
The  experiments  performed  at  nzl 
confirmed  that  the  optimum  value  of 
undercutting  amounts  to  2-3.0  mm, 
depending  upon  the  radial  clearance. 

The  best  results  are  providou 
by  tapering  that  is  accomplished 
along  the  entire  periphery  of  a 
blade  at  the  tip  (see  variant  II 


in  Fig.  234).  The  end  of  the  blade  has  a  recess  (chamber)  which  creates  an 
aerodynamic  clearance  sealing  without  distortion  of  the  .profile  at  the  tic.. 

The  radial  clearance  can  be  organized  differently  by  making  a  negative  (variant 
III)  or  positive  (variant  IV,  Fig.  234)  overlap.  In  the  first  ease  the  stator 
has  a  smooth  cylindrical  or  conical  surface.  In  the  second  case  the  surface  has 
grooves  of  steps.  An  intermediate  variant  of  V  is  possible  with  zero  overlap  at 
the  entrance  to  the  moving  cascade.  An  experimental  check  in  a  turbine  showed 
that  the  positive  overlap  (variant  TV  together  with  the  circular  taper  according  to 
variant  II)  gives  the  best  results.  This  method  of  setting  up  a  radial  clearance 
is  especially  expedient  to  apply  in  stages  with  relatively  low  blade  heights. 

A  check  of  the  other  variants  confirms  this  conclusion. 

The  experimental  data  shown  in  Fig.  234  were  obtained  at  the  LMZ  laboratory. 

The  illustration  represents  the  dependence  of  stage  efficiency  on  the  given 
clearance,  which  is  determined  by  the  formula 


Thus,  for  example,  sealing  according  to  variant  V  for  large  clearances  6phas  an 
essential  advantage,  while  for  small  clearances  it  yields  to  variant  III.  An 
investigation  of  variant  V  indicated  the  dependence  of  its  dependence  on  the  axial 
clearance . 

Considering  that  the  losses  in  a  radial  clearance  depend  essentially  on  the 
reaction  at  the  tip  in  stages  with  unshrouded  rotor  blades,  nozzle  blades  inclined 
toward  the  flow  or  curved  blades  should  be  employed  (see  §§  37-39).  For  a 
selected  reaction  in  the  root  section,  the  reaction  at  the  tip  can  thus  be 
considerably  decreased. 

Several  empirical  formulas  are  proposed  for  calculating  the  losses  in  a  radial 
clearance.  An  attempt  to  generalize  some  of  the  available  data,  which  was 
undertaken  by  A.  Ye.  Zaryankin,  indicated  that  many  of  the  points  lie  on  a  straight 
line  which  corresponds  to  the  following  equation  (Fig.  233b) 

®i« -& -*<*+**>(' -■4)  £• 

wher:1  p  is  the  reaction  on  the  mean  section;  a,  and  b  arc  experimental  coefficients 
cr 

that  depend  on  the  method  of  organization  of  the  radial  clearance  (Fig.  234).  For 


stages  with  negative  overlap  overlap  and  smooth  casing  surface  (Fig.  234,  III), 
it  nay  be  assumed  that  a  =  1.37  and  b  =  1.6.  For  positive  overlap  and  with 
aerodynamic  sealing  of  the  clearance,  and  also  with  Inclined  nozzle  blades,  the 
coefficients  a  and  b  are  lowered. 

Influence  of  Overlap  and  Shroud 

I.  I.  Kirillov  investigated  the  influence  of  positive  and  negative  overlap  on 
the  performance  of  a  stage.  The  curves  of  the  decrease  in  efficiency  which  are 

Illustrated  in  Fig.  235  depending 
upon  the  radial  clearance, 
graphically  depict  the  especially 
sharp  lowering  in  efficiency  with  the 
growth  of  6^  for  negative  overlap 
(see  variant  III  in  Fig.  235). 

These  data  once  again  prove  that 
unshrouded  rotor  blades  should  be 
designed  with  positive  overlap  and 
an  aerodynamically  sealed  minimum 
radial  clearance. 

The  application  of  shrouds  with 
well-developed  sealing  on  rotor 
blades  makes  it  possible  to 
essentially  increase  the  efficiency 
of  a  stage.  Thus,  for  instance, 
according  to  the  experiments  of  I. 

I.  Kirillov,  the  application  of  a 
shroud  in  a  stage  with  0  =  4.5  provided  a  3  to  3.5$  increase  in  efficiency  for  an 
optimum  velocity  ratio  of  =0,56. 

For  other  stages,  the  influence  of  a  shroud  may  be  estimated  by  means  of 
Fig.  235  (variants  I  and  II).  Even  with  small  radial  clearances,  the  installation 
of  a  shroud  considerably  increases  the  stage  efficiency.  The  experiments  of 
A.  M.  Zavadovskly  also  confirm  an  essential  increase  in  stage  efficiency  resulting 
from  the  application  of  shrouds  with  shroud  seals.  For  small  relative  radial 
clearances,  a  shroud  Increases  the  efficiency  by  2-2.5$,  and  for  large  ones,  by 
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Fig.  235.  Influence  of  radial  clearance  for 
shrouded  and  unshrouded  moving  cascades  on 
the  efficiency  of  stages  with  different 
flare,  according  to  experiments  of  I.  I. 

Kirillov.  For  Recl  --  (3  to  4)*10^j  Mq1  = 

0.3  to  0.5.  Variant  1  —  with  shroud  and 
positive  overlap;  II  —  without  shroud  and 
with  positive  overlap;  III  -  without  shroud 
and  negative  overlap. 


3-5.5$. 

A  shroud  does  not  only  load  to  a  decrease  of  leakage;  a  shroud  removes  the 


additional  end  losses  that  appear  in  the  flow  around  the  open  ends  of  a  blade. 

This  conclusion  is  confirmed  by  LMZ  experiments:  an  unshrouded  stage  with  a  small 
radial  clearance,  6  =  0.27  mm,  has  an  efficiency  that  is  2^  lower  than  a  stage 
with  a  shroud.* 

The  influence  of  the  radial  clearance  and  shroud  for  a  nozzle  cascade  was 
investigated  at  TsKTI.  Three  diagrams  of  the  test  variants  are  shown  in  Fig.  236 

(I,  II,  III).  The  results  of  stage 


tests  showed  (Fig.  236a)  that  a 
shrouded  nozzle  cascade  with  two 
sealing  chambers  has  a  higher  efficiency 
in  a  wide  range  of  variation  of  the 
relative  radial  clearance,  6p  ^  = 

6  ,  d 

=  2  (Fig.  236a).  A  study  of  the 

U 


Fig.  236.  Various  methods  for  sealing  the 
radial  clearance  of  a  nozzle  cascade a) 
influence  of  given  radial  clearance ,  6  ^  = 

=  6p  ^/l^’ dy/d,  on  stage  efficiency;  bj 

influence  of  given  radial  clearance,  6*  ^  = 

=  5p  ^/Vz  (z  is  the  number  of  sealing 

chambers),  on  relative  stage  efficiency. 
According  to  experiments  of  V.  G.  Tyryshkin 
and  B.  A.  Shirkov  (TsKTI),  with  0  =  4.5, 

Recl  =  (3  to  4) *10  ,  and  Mcl  =  0.3  to  0.35. 


influence  of  the  reaction  in  the  root 

section  showed  (Fig.  236b)  that  an 

increase  p  from  0  to  14#  noticeably 
K 

increases  the  stage  efficiency, 

since  this  decreases  the  pressure 

*  # 

drop  in  the  radial  clearance. 

The  application  of  a  developed  shroud 
seal  with  number  of  chambers  z  >  2 


I 


considerably  increases  stage  efficiency.  It  is  natural  that  the  maximum  permissible 
decrease  of  the  diameter  of  the  shroud  seal  (variant  IV),  which  is  done  in  the  KTZ 
designs,  promotes  an  Increase  in  efficiency. 

In  connection  with  the  noted  influence  of  the  root  reaction,  we  should  once 
again  emphasize  the  expediency  of  the  application  of  nozzle  blades  inclined  toward 
the  flow,  which  ensure  a  minimum  reaction  in  the  upper  sections. 


♦The  model  of  turbine  stage  I1BK-200  that  was  tested  in  the  LMZ  laboratory, 
which  was  designed  with  an  MEI  untwisted  nozzle  cascade  TC-2A,  has  a  high  efficiency  ^ 

(t)oji  =  °.93  to  0.92,  without  taking  into  account  the  losses  with  the  outlet 

velocity)  with  0  =  4.6. 

♦♦In  Fig.  236b,  the  relative  stage  efficiency  rf0J]  =  tIoji/RojIq  is  represented  de-  , 

pending  upon  the  relative  radial  clearance,  Sp.,;  the  magnitude  of  efficiency  Rojiq 
characterized  the  stage  when  S_  =  0. 

(J 
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The  effectiveness  of  a  stage  also  depends  on  the  correct  selection  of  the 
upper  and  lower  overlap,  which,  as  indicated,  can  vary  from  negative  to  positive 
values  In  an  unshrouded  stage. 

Investigations  showed  that  the  upper  overlap  in  unshrouded  stages  can  vary 

_ 

in  certain  limits  from  Al^  =  — =  +  0.01  to  +0.02,  whereby  the  stage  efficiency 

in  range  of  variation  of  Al^  practically  does  not  change. 

The  lower  overlap  should  also  be  always  positive,  especially  for  large  axial 
clearances  (A1H  >  0);  the  limits  of  its  variation  for  certain  types  of  stages 
were  established  experimentally  and  amount  to  AZk  =  0.005-0. 015  [6],  [16].. 

The  influence  of  the  upper  overlap  in  stage  with  shrouded  blades  was  subjected 
to  an  experimental  study  [5],  [  47].  This  problem  was  also  solved  theoretically 
[39],  [47]  (see  also  §  22). 

For  a  stage  that  has  no  shroud  seals,  A.  M.  Zavadovskoy  recommends  that  the 
upper  overlap  be  determined  by  the  following  formula: 

A/,  =  (0.7  ~  0,8)  kjbli. 


where 


JL\_L_ 

9  /  imp. 


is  the  relative  open  axial  clearance;  kUfl  is  a  coefficient  that  characterises  the 
flow  swirl  In  the  clearance,  which  *  determined  by  the  formula 


h  0ctg°i 
“  1  +  9  * 

Influence  of  the  Inlet  Conditions  and  the  Shape  of  the 
Meridional  Contour  of  a  Nozzle  Cascade; 

In  conclusion,  we  shall  consider  the  influence  of  the  conditions  of  inlet  to 
a  nozzle  cascade  and,  in  particular,  the  shape  of  the  diffuser.  The  indicated 
investigations  were  conducted  at  the  LMZ  and  BITM  laboratories,  the  LMZ  experiments 
involved  the  study  of  the  influence  of  overlap  at  the  entrance  to  the  nozzle 
cascade  shown  in  Fig.  257.  With  the  increase  of  distance  5g  and  the  decrease  of 
overlap  Aly,  the  stage  efficiency  increases  (Fig.  237)  with  a  corresponding  decre  -o 
of  losses  in  the  nozzle  cascade  (see  §  35,  Fig.  213). 

It  should  bo  noted  that  the  reactions  in  the  peripheral  and  root  sections 
essentially  d;pond  on  the  magnitude  of  overlap  A and  the  distance  (clearance)  . 


) 
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Fig.  237.  Influence  of  overlap  at  the 
entrance  to  a  nozzle  cascade  on  the 
efficiency  c>f  a  stage  v/ith  various 
clearances  6^.  LMZ  experiments  with 

Reci  =  (5  to  6)-105,  Mcl  *  0.5,  and 

e  =  H.6. 


OSS  OJS 


0.7  »0’U/c, 


Actually,  an  increase  of  the  clearance 

•0.10 

6t  with  constant  overlap  leads 
i*  c) 

to  an  increase  of  the  reaction  at  the  Fig.  238.  Influence  of  the  shape  of  the 

. ,  ,  .  ,  . .  .  .  upper  contour  of  a  nozzle  cascade  on  the 

tip  and  in  the  root  section.  An  in-  stage  characteristics:  a)  on  stage  effi' 

.  ,  ciency:  b)  on  degree  of  reaction  at  tip; 

crease  of  overlap  lowers  Pn  and  c)  on  degree  of  reaction  in  root  section 

at  the  given  value  of  the  clearance  6^.  LMZ  experiments.  Rec^  =  (5  to  6)- 10'’; 

An  cxpecially  intense  growth  of  the  ^cl  ~  0  "  ^ 

reaction  occurs  with  the  growth  of  5^  for  small  clearances,  5^  s  h0-60%. 

A  further  development  of  this  investigation  is  the  detailed  study  of  the 

influence  of  the  shape  of  the  meridional  contour  of  a  nozzle  cascade  on  efficiency 

and  the  reaction,  which  was  performed  by  LMZ.  Diagrams  of  the  test  variants  and 

results  of  the  investigation  are  shown  in  Fig.  238.  Maximum  stage  efficiency  is 

attained  with  a  cylindrical  stage  contour  (variant  A).  In  the  presence  of  overlap 

at  the  entrance  (Al Q  >  0),  the  best  results  were  exhibited  by  i.ie  variant  of 

contour  VI  with  a  small  cone  angle  of  the  diffuser  before  the  nozzle  cascade. 

Variants  A  and  VI  have  practically  identical  efficiency. 

The  least  economic  and  practically  identical  variants  were  III,  III.,,  V,  ana 


IX,  which  arc  characterized  by  large  cone  angles  of  the  upper  contour  either  before 
the  nozzle  cascade  (variants  V  and  IX),  or  inside  the  cascade  (variants  III  and  III^). 

A  certain  increase  in  stage  efficiency  at  large  cone  angles  was  attained  by  making 
annular  grooves  on  the  generatrices  of  the  diffuser  (variants  VIII  and  IX).  However, 
at  moderate  cones  angles,  less  than  50°,  the  application  of  the  annular  grooves 
proposed  by  V.  K.  Migay  results  in  a  negative  effect  (see  variants  IV  and  VII). 

A  comparison  of  variants  11^  and  III^  makes  it  possible  to  establish  the 
expediency  of  increasing  the  cone  angle  of  the  upper  contour  toward  the  nozzle 
cascade  exit;  variant  11^  showed  an  increase  in  efficiency  by  approximately  1.5% 

(Fig.  238a). 

The  presence  of  an  axial  clearance  at  the  entrance  to  a  nozzle  cascade,  5^,  has 
an  essential  effect  only  with  small  cone  angles  of  the  upper  contour.  With  large 
angles,  a  small  axial  clearance  hardly  affects  the  efficiency  of  a  stage  (see 
variants  I  and  1^,  II  and  11^,  III  and  III^), 

The  considered  experiments  distinctly  show  the  very  considerable  Influence  of 
the  cone  angle  of  the  diffuser  before  a  cascade  and  the  upper  contour  of  the  cascade 
itself. 

The  results  of  the  experiments  also  convince  us  of  the  fact  that  when  the 
relative  overlap  at  the  entrance  is  =  0.3M,  a  change  of  the  clearance  from 
=  u  to  f.«L  =  O.33  practically  does  not  change  the  characteristics  of  the  stage, 
if  the  channel  has  meridional  profiling,  which  ensures  a  smooth  transition  from 
the  height  to  the  outlet  height  (see  Fig.  237). 

The  change  of  the  reaction  in  the  peripheral  and  root  sections  clearly  confirmed 
that  the  shape  of  the  upper  contour  essentially  affects  the  quantities  pn  and  py 
(Fig.  238b  and  c).  The  maximum  values  of  ohe  reaction  at  the  tip  and  the 

minimum  values  in  the  root  section  were  obtained  for  variants  I,  II,  and  III, 
which  have  conical-cylindrical  upper  contours  with  moderate  overlap  at  the  cntranc*-, 
AIq  =  O.3M.  For  a  large  overlap,  AlQ  =  O.515  (variants  V,  VI,  VII,  and  IX),  the 
reaction  at  the  tip  and  In  the  root  section  is  sharply  lowered.  Variants  IV  and  Vj 
are  the  exception. 

The  value  of  the  described  experiments  consists  in  the  fact  that  they  indicated 
the  essential  influence  of  the  shape  of  the  upper  contour  not  only  on  the  official  jy 
of  the  stage,  but  also  on  the  distribution  of  the  reaction,  and  consequently,  t'.ie 
velocities  and  angles  along  the  radius  in  a  clearance.  It  may  be  conclude t  from 
this  that  when  proS'illng  the  blades  of  stages  with  noncylinarical  contours  or  with 
overlaps  at  the  entrance,  it  is  necessary  to  consider  the  essential  deflection  of 
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the  flow  from  the  cylindrical  type. 

The  considered  group  of  investigations  also  incr  les  the  experiments  of 
T.  I.  Kirillov  [56] . 

Such  a  sharp  influence  of  the  overlap  and  organized  diffuser  inlet  in  the 
investigated  stage  was  revealed  at  small  pressure  drops.  With  supercritical 
drops  in  the  stage,  the  influence  of  the  inlet  decreases  (see  Chapter  VIII).  One  . 
should  also  consider  that  with  the  increase  of  the  outlet  angle  of  the  nozzle 
cascade,  a^,  the  influence  of  the  inlet  condition  in  the  stage  increases. 

Organization  of  the  jFlow  Behind  the  Last  Stage  of  a  Turbine 

The  kinetic  energy  of  the  flow  behind  the  last  stage  can  be  partially  converted 
into  potential  energy  which,  as  indicated  in  §  21),  essentially  increases  the 
efficiency  of  the  stage  and  the  turbine.  This  conversion  is  carried  out  in  the 
diffuser  outlet  ducts. * 

Experimental  investigations  showed  that  with  the  correct  selection  of  the 
basic  geometric  parameters  in  an  outlet  duct,  up  to  40-  50$  of  the  kinetic  energy 
behind  the  last  stage  ea2/2  can  be  restored. 

The  basic  elements  of  an  outlet  duct  are  the  diffuser  (axial,  radial,  or 
diagonal)  and  the  housing  (shell),  which  extracts  the  gas  behind  the  diffuser  in  a 
direction  dictated  by  the  design  of  the  machine. 

The  structural  types  of  outlet  ducts  that  are  encountered  in  practice  are 
very  diverse  and  cannot  be  considered  within  the  scope  of  this  book.  We  shall 
mention  only  certain  results  of  Investigations  where  were  obtained  at  MEI. 

The  basic  geometric  parameters  of  a  duct  with  axial  and  radial  diffusers  are 
shown  in  Fig.  259.  The  geometric  divergence  of  the  duct  is  characterized  by  the 
ratios  of  the  areas  of  the  outlet  and  inlet  sections: 

/*  =  F,IFtonilK=  FJF  3, 


where  Fg  and  are  the  areas  of  the  inlet  and  outlet  sections  of  the  diffuser; 

Fjj  is  the  area  of  the  outlet  section  of  the  duct. 

Other  Important  geometric  parameters  are: 

1.  The  relative  length  of  the  diffuser  =  Zfl/lg  (Zg  =  -j(D2  -  Dg0)  is 
width  of  the  ring  at  tne  inlet;  Dg  and  Dg0  are  the  external  diameters  of  the 
diffuser  at  the  entrance). 

"Section  ?4  gives  the  results  of  the  calculation  and  investigation  of  vaned 
d  Iff  users  for  sta  'c  with  a  low  velocity  ratio  x(f>. 
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F;Lg.  239-  Diagram  of  an  outlet  duct  and  the  depen¬ 
dence  of  its  coefficient  on  the  Reynolds  number  for 
various  diffusers:  1  —  diffuser  with  straight  cut¬ 
off;  2  —  diffuser  with  slanted  cutoff;  3  —  diffuser 
without  housing.  MEI  experiments:  F^/Fg  =  2. 6; 

/F2  =  5.4. 


.  2.  The  cone  angles  of  the  inner  and  outer  contours  of  the  diffuser,  7^  and  7^  Q. 

3.  The  distance  hetv/een  the  outlet  section  of  the  diffuser  and  the  wall  of 
the  duct,  T  =  T/l3  (l?  =  |(D3  -  D?0)  is  the  width  of  the  ring  at  the  outlet;  D^ 
and  D^q  are  the  external  and  internal  diameters  of  the  diffuser  at  the  outlet). 

4.  The  dimensions  of  the  duct  housing:  ^  —  the  height  of  the  upper  portion; 

Hg  —  the  height  of  the  lower  portion;  L  and  B  —  the  length  and  the  width  of  the 
outlet  section  F^ . 

The  enumerated  geometric  parameters  are  interconnected.  Depending  upon  the 
permissible  building  dimensions  of  the  duct,  various  optimum  combinations  of  the 
Indicated  parameters  are  possible.* 

Essential  features  <~r  the  performance  of  a  duct  are  the  nonuniformity  of 
distribution  of  static  pressures  and  flow  rates  along  the  height  and  along  the 
circumference  at  the  entrance,  and  the  high  degree  of  turbulence.  An  important 
feature  is  the  asymmetry  of  the  exhaust,  which  is  prompted  by  the  necessity  of 
extracting  the  gas  flow  at  a  right  angle  to  the  axis  of  the  machine.  The  negative 


*For  optimum  combinations,  the  degree  of  pressure  recovery  in  a  duct  will  be 
different. 
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influence  of  relation  may  be  distinctly  seen  -in  Pig.,  259,  which  represents  the 

.u'-ves  of  the  coefficients  £  for  a  duct  that  consists  of  a  diffuser  and  a  shell 

n  ■  ---  ------ 

(curve  1)  and  for  a  diffuser  without  a  sheel  (curve  5).  Let  us  recall  that 
the  duct  coefficient  £  n  is  the  ratio  of  heat  drops-: 


where  HQ2  is  the  isentropic  drop,  which  corresponds  to  the  expansion,  from  the 
stagnation  pressure  before  the  diffuser  to  the  static  pressure  behind  the  duct  p^; 
HQ1  is  the  isentropic  drop,  which  is  equivalent  to  the  Kinetic  energy  of  the  flow 
behind  a  stage  (HQ1  =  c.^/2).  - 

It  Is  not  difficult  to  see  that  if  £n  >  1(Hq2  >  c^/2) ,  then  p^  <  p2,  and 
the  outlet  duct  is  not  of  the  diffuser  type?  if  £n  <  1,.  then  >  p2  and  the  duct 
restores  part  of  the  kinetic  energy  behind  the  last  stage,  which  is  equal  to 
1  -  £n  (in  relative  quantities). 

The  duct  coefficient  is  connected  to  its  efficiency  by  the  evident  relationship 

t,=  1— TV,+lte, 

where  hg  {{  =  cjj/2H01  is  the  kinetic  er.eigy  of  the  flow  at  the  outlet  from  the  duct 

O 

(referred  to  the  quantity  =  c^/2). 

The  curves  illustrated  in  Fig.  259  *>how  that  if  the  degree  of  restoration  of 
kinetic  energy  in  a  diffuser  amounts  to  1  -  £ n  =  40-45#  (curve  5)>  then,  with  a 
shell,  the  restoration  is  lowered  to  1  -  £  =  25-50#  (curve  1). 

The  experiments  confirmed  the  possibility  of  a  considerable  increase  in  the 
degree  of  restoration.  Thus,  for  instance,  the  design  of  a  diffuser  with  slanted 
cutoff  (cutoff  angle  7  K  =  1 6°)  makes  it  possible  to  increase  the  restoration  to 
a  quantity  that  is  very  similar  to  a  single  diffuser  without  a  shell  (curve  2). 

This  result  has  an  important  practical  value.  In  accordance  with  the 
physical  features  of  the  motion  in  a  diffuser,  \  duct  with  an  asymmetric  outlet 
should  also  have  an  asymmetric  diffuser.  The  outlet  conditions  then  sharply  improve 
for  the  upper  and  lower  halves  of  the  diffuser,  the  uniformity  of  distribution  of 
parameters  around  the  circumference  at  the  entrance  to  the  diffuser  increases, 
the  efficiency  of  the  duct  increases,  and  the  reliability  of  the  blades  of  the 
last  stage,  which  in  this  case  experience  a  smaller  vibration  load,  also  increases. 

The  design  advantage  of  such  a. duct  with  a  diffuser  having  a  slanted  cutoff 
consists  in  that  the  height  of  the  upper  part  of  the  housing  (or  -  D^/2)  can 

be  considt  rably  decreased.  Experiments  confirm  that  a  diffuser  with  a  slanted 
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cutoff  has  more  favorable  characteristics  than  a  diffuser  with  rotary  blades. 

The  curves  in  Fig.  239  show  that  with  the  growth  of  the  Reynolds  number,  when 

*  4 

Re  <  5*10  ,  restoration  in  the  duct  decreases,  and  then  increases.  This  is 
explained,  obviously,  by  the  fact  that  with  the  increase  of  Re  the  region  of  the 
transit!^,  of  laminar  conditions  to  turbulent  conditions  moves  in  the  direction 
opposite  the  flow. 

Systematic  investigations  of  the  influence  of  the  most  important  geometric 
parar  °ters  of  a  duct  make  it  possible  to  determine  the  optimum  ratios  which  are 
presented  in  Table  20.  As  the  initial  (independent)  parameters  we  selected: 

1  —  the  flare  of-  the  last  stage,  which  is  determined  by  the  ratio  0  =  d/l; 

2—  the  relative  -dimensions  of  the  duct  outlet; 

3  —  the  M2  number  at  the  inlet. 


Table  20.  Optimum  Geometric  Parameters  of  an  Outlet- 
Duct  with  an'  Axial  Diffuser* 


Initial  data.  J: _ Optlaun  ratios 
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Q 

•J 

>y 

5-7 

0.6— 0.8 

0.3-o.s 

2.5-3 

4-5.5 

1.0 

5-6 

10-15° 

5-8° 

0.4-0.6 

12-16° 

3-4 

0.6— 0.8 

0.3- 0.5 

2.2— 2.5 

5-G 

1.2 

4 , 

10° 

2-3’ 

0.6-0.8 

16° 

2.5 

0.C-0.8 

<>.3-0.5 

2.0-2, 2 

5—6 

M 

3 

10° 

0 

1.0 

18-20° 

*The  data  given  for  0=3-4  and  0  =  2.5  are 
tentative  and  were  not  checked  experimentally. 

§  41.  SOME  SPECIAL  PROBLEMS  OF  THE  THEORY  OF  LARGE-FLARE  STAGES 

With  small  ratios  0  =  d/l  behind  an  annular  nozzle  cascade,  nonuniformity  of 
the  field  of  stagnation  temperatures  is  detected  along  the  radius  (eddy  effect 
of  the  stage,  see  §  35).  In  connection  with  the  necessity  of  calculating  this 
nonuniformity,  there  arise  two  interconnected  problems: 

1.  Finding  a  calculation  method  that  would  make  it  possible  to  approximately 
estimate  the  magnitude  of  the  indicated  nonuniformity,  depending  upon  the  basic 
performance  and  geometric  parameters  of  the  stage. 

2.  Introducing  the  appropriate  correction  into  the  aerodynamic  calculation 
stage  twisting. 

The  physical  causes  that  provoke  the  nonuniform  distribution  of  stagnation 
temperature  in  a  section  of  an  adiabatically  moving  flow  of  a  compressible,  viscous, 
and  heat-conducting  liquid  consist  in  the  following.  In  such  a  flow,  part  of  the 
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Xinetic  energy  is  converted  into  heat,  which  is  propagated  in  the  flow  hy  means  of 
thermal  conduction  and  as  a  result  of  turbulent  transfer. 

Depending  upon  the  structure  of  the  flow,  the  character  of  the  velocity 
distribution  along  the  flow  through  -‘he  section,  and  the  degree  of  turbulence,  the 
intensity  of  th-  internal  heat  exchange  can;  vary  considerably.  The  heat  given  off 
is  distributed  honuniformly  in  the  flow,  so  that  some  gas  streams  can  possess  a 
higher,  and  some,  a  lower,  reserve  of  total  energy  than  that  which  corresponds  to 
an  integral-adiabatic  flow.  The  condition  of'  i0  -  const  for  each  stream  separately 
cannot  serve  as  a  characteristic  of  the  flow  and  ah  integral  of  the>  energy  equation 
in  this  case. 

The  considered  phenomenon  of  nonuniform  distribution  of  total  energy  in  an 
adiabatic  flow  especially  distinctly  appears  in  a  Rank  vortex  tube. 

In  a  turbine  stage  with  axial  gas  flov;,  the  vortex  effect  is  considerably 
weaker.  However,  at  small  G  and  large  M  numbers,  the  nonuniformity  of  the  field  of 
stagnation  temperatures  behind  a  nozzle  cascade  can  be  considerable;  therefore, 
it  should  be  considered  in  the  thermal  calculation  of  the  stage  and  in  the  experi¬ 
mental  study  of  annular  cascades  and;  stages. 

If,  in  distinction  from  the  preceding,  we  consider  the  influence  of  not  only 
viscosity,,  but  also  thermal  conduction,  then  the  fundamental  equations,  i.e.,  for 
radial  equilibrium  and  energy,  will  take  on  the  following  form: 


(249) 

(250) 


! 


Here  Pr  =  — ^  is  the  Prandtl  number;  u  is  the  coefficient  of  dynamic  viscosity; 
c  is  the  heat  capacity  at  constant  pressure;  X  is  the  coefficient  of  thermal 
conduction. 

The  system  of  equations  (249)  and  (250)  should  be  augmented  by  the  equation 
for  the  swirling  of  the  flow,  which  determines  the  profile  of  the  peripheral  velocity 
components : 


fulrm  =3  const, 


(251) 


and  also  the  equation  of  state 


P _ kp 

c“  RT  ~  (k- \)t  ' 


(252) 


(  ) 
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The  four  fundamental  equations  contain  five  unknowns :  cul,  ca±’  *-*  P*  P- 
The  fifth  equation  necessary  for  the  solution  of  the  problem  can  be  obtained  in 
the  form  of  a  relationship  between  the  velocity  components  cu^  and  cfl1 .  Since 


from  the  momentum  equation  for  a  mass  of  gas  moving  between  sections  at  the  entrance 


and  behind  the  cascade,  taking  losses  into  account,  we  can  obtain 


■  .  ,  <ffj|  _  n 

“7“  Tfs,i  "j~  ~  nr  _  1 


(253) 


In  the  derivation  of  this  equation  we  used  the  equation  radial  equilibrium 


(249).  We  shall  now  use  the  swirl  equation  (251).  After  differentiating  it,  we  find 


»  *cml 
m’  eKl 


(254) 


After  substitution  into  equation  (253)*  we  will  obtain 


<ii  d - ^  cui  —  0. 

•n 


(255) 


We  shall  convert  equation  (250)  with  the  help  of  (254)  and  (255) *  and  obtain 


Considering  tfiat  u  =  const,  <p  =  const,  and  Pr  =  const,*  we  shall  integrate 


this  equation  twice*,  taking  the  swirling  into  account  (251);  then  we  will  obtain 


'‘+Pr4KL^rVconst- 


(256) 


The  enthalpy  of  absolute  stagnation  of  flow  is  determined  by  the  formula 


=  + 


(257) 


After  integrating**  (255)  and  substituting  the  obtained  result  and  equation 
(256)  into  (257)*  we  finally  find*** 


-r  (I- -p'(J4--)] 


(257a) 


We  find  the  constant,  writing  (257a)  for  the  root  section. 


•The  Pr  number  It  may  be  considered  as  a  physical  constant  only  for  an  ideal 


**For  simplification  of  the  problem,  in  all  conversions  we  assume  that  q>  does 
not  change  along  the  radius. 


"'"The  energy  equation  (250)  for  one-dimensional  circular  motion  of  a  viscous  gar. 
at  c  =  0  was  integrated  by  L.  A.  -Vulis  on  the  assumption  that  p  =  const  and 

Pr  cons  t . 
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is  the  peripheral 


Let  us  designate  r._.,  as  the  radius  of  the  root  section;  cul  H 
velocity  component  in  the  root  section;  then 


where 


const  — /t|K —  Rq — j — 


d-01  K  is  the  enthalpy  of  stagnation  in  the  root  section  of  the  nozzle  cascade. 
■Afier  substitution  into  equation  (257a),  we  finally  obtain 


'•*  *  "M  K 


(258) 


if  1  d  2 

Since  2iQ1  K  =  ^  ^  la»K  »■  where  a#  K  is  the  critical  velocity  in  ;:he  root 


section,  then 


4i  <  t  — 1  , 


Consequently: 


-^7  =  '  +  T+r  V-L  - 1). 


(259)5 


where  R  is  the  outlet  angle;  \  K  =  —  is  the  dimensionless  velocity  in  the 

*  K 

root  section. 

The  total  cnahge  of  the  stagnation  enthalpy  along  the  height  of  the  nozzle 
cascade  can  be  determined  by  the  formula 


*4.  ’>■ 

where  fn  --  rn/rK  is  the  relative  radius  of  the  section  at  the  tip.  Considering  that 


e-i  ’ 


wo  finally  obtain 


“  1  +  *  +  1  R'}’* cos,w,  *  [(f-Ft)  ~ '] ' 


(260) 


From  rquatlons  (258)  and  (2&0)  it  follows  that  the  stagnation  enthalpy  increases 

2 

toward  the  cascade  tip,  if  H  <  0,  i.e.,  if  the  Prandtl  number  Pr  > — - — 5. 

9  1  +  <p 

An  analysis  of  formula  (260)  also  shows  that  the  cascade  losses  increase  the 
stratification  of  total  energy  behind  t  »e  outlet  section.  The  nonuniformity  of  the 
field  of  axial  velocities,  which  is  characterized  by  a  decrease  of  c towards  the 
tip,  lower.,  the  nonuniformity  of  the  fir  Id  of  stagnation  temperatures  behind  the 
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cascade;  The  influence  of  the  method  of  twisting  the  nozzle  blades  may  be  estimated 
considering  the  limiting  values  of  the  index  m  =  ±1.  The  minimum  change  of  iQ1 
corresponds  to  the  conditio,  of  constant  velocity  circulation,  cul  ?=  const.  The 
most  intense  change  of  iQ^  is  revealed  with  twisting  cui/r  =  const  for  equal 
distribution  of  axial  velocities  behind  the  cascade. 


1  2  3  «  5  (  7  "t  9  10  11  11  13  g 


Fig.  ?'I0.  Analytic  curves  of  the  change  of  enthalpy 
of  absolute  stagnation  along  the  radius  in  a  clear¬ 
ance,  AIq  n,  depending  upon  Q  and  '  J{  with  k  = 

l.'t  and  Pr  =  0.72.  Curves  for  various  laws  of 

twisting  of  nozzle  blades:  -  (solid)  m  = 

=  l(cul  r  =  const); - (dot-tod  line)  m  = 

c  .  Sc  . 

=  -1(— =  const)  -■■■-■-  =  0;  -  •  —  •  ~  (dot  and  dash) 
r  Or 

m  -  _i(_Hi  =  const)  -'a^  ^  0. 

'  r  dr 


Tne  corresponding  results  of  the  calculations  are  shown  in  Fig.  2')0.  Curves 
are  given  there  for  the  relative  difference  of  stagnation  enthalpies  (temperature  .) 

.  Tf  loin- 1.1, 

ST7“  l  +  0V-?«ccs‘«„  ’  (£'■!) 


wher- 


I 
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depending  upon  9  and  the  M,  number.  Calculations  were  performed/for  k  =  1.4, 

X  K 

Pr  --=  0.72,  a  ±  E  =  11°,  m  =  +l/ 

It  should  be  noted  that  at  small  values  of  9  the  change  of  stagnation  enthalpy 
is  essential,  whereby  with  the  growth  of  .  the  quantity  -\L01  n  intensely 
increases.  Consequently,  the  effect  of  vortex  stratification  of  total  energy  behind 
a  cascade  actively  appears  in  large-flare  stage  at  high  velocities,  M1  K  si. 

Analogous  calculations  may  also  be  performed  for  steam.  Sufficiently  accurate 
determination  of  the  Pr  number  is  important.  For  turbulent  gas  motion  it  is 
necessary  to  introduce  the  effective  value  of  the  Prandtl  number,  which 

may  be  considered  constant  in  first  approximation. 

Experiments1'  confirm  the  existence  of  vortex  effect  in- stages  of  axial  and 
radial  turbines.  Figure  241  illustrates  the  experimental  Values  of  tQ1  for  certain 

cascades  with  axial'  gas 

—  »JT  ;  »  i  t  no  ;  v  i  i  *tux  W  2 ■»  t  1  *0  /«?  n.  •:  0 

Hlf  flow  whose  results  were  given 

£  above  (see  §  37).  It  may  be 

^  1  distinctly  seen  there  that 

j- — stagnation 

— temperatures  is  nonuniform 

—  at  sufficiently  great 

Fig.  24l.  Change  of  the  stagnation  temperature  distances  behind  the  cascade, 

nlong  the  radius  behind  a  nozzle  cascade  with  con¬ 
tinuous  and  separated  flow.  According,  to  MEI  With  the  increase  of 

experiments:  0  =  2.88;  M  .  =  O.72. 

distance  from>  the  trailing 

edges,  the  nonuniformity  of  the  field  of  stagnation  temperatures  increases,  and 
especially  intensely  when  there  appears  separation  on  the  hub. 

In  the  last  case,  the  physical  nature  of  the  nonuniformity,  tQ^^),  which  is 
especially  intense  in  the  zone  of  separation,  cannot  be  described  by  the  above-given 
equations . * 

With  continuous  motion  in  the  root  sections,  the  temperature  nonuniformity 
turns  out  to  be  weaker.  However,  in  all  cases  the  stagnation  temperature  at  the 
tip  is  higher  than  at  the  root. 


Fig.  241.  Change  of  the  stagnation  temperature 
,aI6ng  the  radius  behind  a  nozzle  cascade  with  con¬ 
tinuous  and  separated  flow.  According, to  MEI 
experiments:  0  =  2.88;  M  ^  =  O.72. 


*  Performed  at  MEI  by  L.  Ya.  Kislev  and  M.  F.  Zatsepin. 

* "Thj  nonuniform  distribution  of  stagnation  temperature  which  accompanies  the 
separations  in  the  root  sections  behind  the  trailing  edges  of  blades  and  is  detected 
in  the  boundary  layers  also  pertains  to  the  "vortex  effects"  in  the  stage. 
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Especially  significant  is  the  nonuniformity  of  the  distribution  ,of  stagnation 

h  _  x"  "  . 

temperatures  in  a  radial  stage.  Studies  of  this  tjjpl  of  ;ptage^  even- a^  moderate 

■*  *  '  V  -r-“  i  '■* , 

M  numbers}  coijtfi^iB^^ii*  existence  of 

;  •  *  i  *  „■».  . 

nonunifccrmit'y  not  -only  behind  the 

* 

nozzle  cascade,  but  also,  behind  the 

rotor  vogel  (Fig?-  242:).. ' 

\  _  ’  X  \ 

The  influence  qfc  the;  vortex 
effect  that 'we  detect^  must  be  considered 
in  the  calculations  of  the  distributions 
of  velocities  pressures,  temperatures, 
and  rg actions.  al6rig_-6he.  radius. 

It  is  obvious  that  when  this 

-  *•  *  .  •  *•>.  -  -  ' 

effect  is  perceptible,  twisting  of 
blades  slioulg  be_:performed  with  the 


Fig.  242.  Change  of  stagnation  temper¬ 
ature  along  the  radius  at  the  outlet  from 
a  centripetal  stage  with  a  rotor  wheel 
and  without  a  rotor  wheel.  MEI  experi¬ 
ments. 


change  of  T0^(i0i)  along  the  radius  taken  into  account. 

This  problem  may  be  solved  approximately  within  the  confines  of  the  simplified 

"  v  » 

flow  diagram  that  was  considered  above  (see  §  57). 

The  energy  equation  for  an  absolute  flow  in  a  clearance  may  be  solved  in 
differential  form  (204)  together  with  the  equation  of  radjLal  equilibrium  (202), 


5i 


not  assuming  that  i01  =  const  ^  0). 

The  differential  equation  of  distribution  of  absolute  velocities  in-  the 
clearance  in  this  case  will  have  the  following  form  [see  equation  (206)]: 


<te,  f  co»‘u,  ,1  a»|,  .  «|  dl„ 


5sinoj  co»a,  /  —* 

2Bxr 


(262) 


where 


h01  is  the  current  value  of  the  available  heat  drop  in  the  nozzle  cascade; 


w  v  is  tiie  efficiency  of  the  nozzle  cascade.  ■ 
By  using  formula  (258),  it  is  not  difficult  to  obtain 

—  -  |Pf  (y»  H- 1)  —  s-1!  ~ • 


(26?) 


Formula  (2 6j)  considers  the  change  of  total  energy  in  the  clearance  along 
tlie  radius,  whicli  is  caused  by  the  vortex  effect  only.  In  reality,  nonuniiormity 
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of  the  field  can  also  he  brought  about  by  other  causes.*  In  this  case  it  is 
necessary  to  assign  the  function  *01 on  the  basis  of  physical  considerations 
and  introduce  the  appropriate  term  into  equation  (2o2),  which  may  be  integrated 
by  the  numerical  method. 

It  is  of  interest  to  estimate  the  change  of  stagnation  enthalpy  along  the  radius 
in  fractions  -of  the  available  heat  drop  in  the  root  section  of  a  stage  by  the 
formula 

Tin  =  AT,,  =  -/*‘kZ ^7 ft* g» -^~a*1  ~ 0  (I  -C*)*  (264) 

Formula  (264)  is  obtained  with  the  help  of  the  following  evident  relationships: 

.*  /  ...  L  -  1C  .  L  _  ^ 

'•i/t  —  "H*'  - jj-' 


where  hQ  is  the  available  heat  drop  in  the  -root  section  of  the  stage;  hQ1  H  is 
the  available  heat  drop  in  the  nozzle  cascade  in  the  root  section;  p„  is  the  degree 

.-K 

of  reaction  in  the  root  section;  iof  is  the  enthalpy  of  the  flow  behind  the  stage 
in  an  ideal  process  for  the  root  section. 

The  above-stated  method  makes  it  possible  to  approximately  estimate  the  change 
of  static  parameters  behind,  the  cascade.  Thus,  for  instance,  with  the  help  of 
formula  (2‘j.6=)  we  can  find  the  enthalpy  distribution  of  the  flow  behind  the  cascade 


and  the  distribution  of  static  pressure 


p{_ _ r _ pr(l  -|-jQ(l  -  r~7mi _ Tiv (*-i)'(i  r-*') 

Pik  ~  /  k  -|- 1  I  .  \ 


In  conclusion,  it  should  be  stressed  that  the  proposed  method**  of  estimating 
the  nonun Lformity  of  stagnation  temperatures  in  the  nozzle  cascade  is  quite 
approximate,  and  its  error  should  bo  thoroughly  tested  by  experiments,  the  quantity 
of  which  is  still  insufficient.  At  the  same  time,  when  carrying  out  experimental 
investigations  of  cascades  and  stages  with  large  flare,  at  large  M  numbers  it  is 


'‘Taken  into  account  are  the  nonuniformity  of  the  temperature  field  at  the  com¬ 
bustion  chamber  outlet,  the  influence  of  the  preceding  stage,  at  whose  outlet  i02  is 

not  constant,  the  influence  of  cooling,  and  other  factors. 


'‘"Developed  jointly  with  Ye.  He.  Likherzak. 
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necessary  to  measure  the  stagnation  temperatures  in  a  clearance  and  behind  the 
stage. 
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decreased  by  considerably  increasing  its  width.  An.  example  of  this  is  the  diaphragm 
of  the  last  stage  of  the  XMZ  turbine  IIBK-200. 

This  method  is  feasible  only  in  very  rare  cases,  since  the  overall  design 
requirements,  including  the  forging  dimensions  and  the  requirements  of  rotor 
reliability,  do  not  make  it  possible  to  essentially  increase  the  width  of  the 
diaphragm.  Furthermore,  a  large  diaphragm  width  requires  such  a  large  nozzle 
cascade  chord  that  l/b  turns  out  to  be  very  small  and  the  influence  of  end  losses 
becomes  considerable.  If,  however,  the  blades  in  a  wide  diaphragm  are  narrow,  then 
the  long  entrance  section  which  is  f  rmed  will  undoubtedly  create  additional  losses 
(see  Chapter  VII). 

The  external  meridional  configuration  of  a  diaphragm  also  will  be  different. 

Two  fundamentally  different  solutions  are  possible:  a  purely  conical  configuration 
and  a  configuration  with  a  smooth  transition  to  a  cylindrical  surface.  The  results 
of  tests  performed  on  stages  with  various  forms  of  external  meridional  configuration 
are  given  in  §§  40  and  44.  It  should  be  borne  in  mind  that  for  a  flow  of  moist 
steam  the  first  type  may  possibly  be  better  £or  removing  moisture  and  may  appear 
to  be  more  expedient.  In  certain  turbuines,  the  desire  to  remove  more  moisture 
renders  an  influence  on  the  configuration  of  the  external  contour;  in  particular, 
this  requires  the  lowering  of  the  initial  entrance  point  of  the  external  contour  of 
the  stage. 


Technology  of  State  Manufacture 

Nozzle  blades  can  be  manufactured  by  various  methods.  Recently,  blades  manu¬ 
factured  from  a  sheet  of  constant  thickness  have  been  widely  employed  (see  diaphram 
of  last  stage  of  LMZ  turbine  IIBK-200,  shown  in  Fig.  243).  These  blades  made  it 
difficult  to  obtain  the  necessary  profile  shape  and  its  desired  variation  with 
respect  to  height.  The  thin  leading  edges  created  large  sensitivity  to  the  variation 
of  the  leakage  angle.  In  the  last  stages  of  turbines,  due  to  the  inaccuracy  of 
calculation  of  the  preceding  stages,  noticeable  deviations  of  the  entrance  angle 
aQ  from  the  calculated  value  are  possible.  Because  of  strength  conditions  these 
blades  usually  were  very  wide  or  they  required  additional  partitions,  which  cause 
a  lowering  of  economy  (for  instance,  the  last  stage  of  the  turbines  BKT-100  KhTGZ 
and  IIBK-200  LMZ). 

The  transition  from  sheet  blades  to  solid  ones  makes  it  possible  to  increase 
stage  economy. 
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HZL  experiments  showed  that  for  a  stage  with  blades  =  22.5  nm  the  replace¬ 
ment  of  stamped  sheet  blades  by  TC-2A  MEI  milled  blades  led  to  a  4.2$  growth  of 
efficiency  [41*].  MEI  experiments  with  the  last  stage  of  a  25-Mw  turbine  with 
d/l  =  5-7  and  l 1  =  l6o  mm  (in  a  model)  and  two  diaphragms,  i.e.,  with  blades 
st?  iped  from  a  sheet  of  constant  thickness  and  with  milled  blades,  in  the  last  case 
showed  a  gain  in  efficiency  of  Ai)oi  =  4  to  6$. 

Solid  nozzle  blades  can  be  welded  and  stampled.  These  blades  are  applied  in 
the  latest  KhTGZ  turbines  [122].  These  blades,  undoubtedly,  are  better  than  the 
sheet  type,  but,  due  to  conditions  of  technology,  it  is  difficult  to  arbitrarily 
change  their  shape  with  respect  to  height.  The  latter  is  necessary  for  limiting 
stage,  where  the  M  number  changes  so  much  with  respect  to  height  that  the  various 
sections,  in  accordance  with  the  flow  rate,  must  be  designed  differently  in 
principle. 

For  rotor  blades,  just  as  for  the  nozzle  blades  of  limiting  stages,  where 
there  is  a  large  difference  with  respect  to  height  in  the  configuration  of  the 
profiles  and  the  conditions  of  flow,  manufacture  of  blades  by  means  of  a  three- 
dimensional  master  form  is  more  preferable  than  angular  milling. 

Stage  Heat  Drop 

For  stages  that  are  designed  for  large  heat  drops,  and  consequently,  for  high 
exhaust  velocities,  the  M  numbers  in  the  nozzle  cascades,  as  well  as  in  the  moving 
cascades  in  a  number  of  sections  —  especially  in  the  root  sections  of  the  nozzle 
cascade  and  in  the  upper  sections  of  the  moving  cascade  are  so  much  greater  than 
unity  that  special  profiling  is  required. 

The  Ratio  0  =  d/l 

There  are  presently  stages  with  the  ratio  6  <  2.5.  In  these  stages  there  is  a 
very  large  difference  in  the  entrance  angles  of  steam  into  the  moving  cascade  (angle 
^1),  which  reaches  a  peak  value  of  I6O-I650.  This  requires  special  moving  cascades 
with  a  very  low  rate  of  flow.  For  small  d/l  the  velocities  change  very  significantly 
along  the  height.  An  Important  design  feature  of  stages  with  small  d/l  ratios  is 
the  considerable  increase  of  the  absolute  cascade  pitch  from  root  to  tip. 

Thus,  if  at  0  -  5  the  pitch  t  from  root  to  tip  increases  1.5  times,  then  at 
0  =  5  it  increases  2  times,  and  at  0  -  2.5,  2.53  times.  It  is  obvious  that,  by 
maintaining  the  blade  chord  approximately  identical  with  respect  to  height  on  all 
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radii,  it  is  not  possible  to  obtain  cascades  with  optimum  relative  pitch  t”  =  t/b. 
Therefore,  the  nozzle  blades  in  stages  with  small  d/l  frequently  are  designed  with 
an  increase  of  chord  from  the  root  to  the  peak  value  of  chord. 

Reliability  Conditions 

The  requirement  of  ensuring  the  reliability  of  rotor  blades  limits  the  designer 
in  the  process  of  making  profiles  and  channels  optimum  from  the  point  of  view 
of  aerodynamics.  The  last  rotor  blades,  especially  limiting  ones,  require  thick 
profiles  in  the  root  section,  an  decrease  in  area  with  respect  to  height,  and  very 
thin  profiles  at  the  tip  (see  profiles  in  §  43).  The  scuietfmes  desirable  decrease 
of  pitch  in  the  upper  sections  of  the  rotor  blades  leads  to  an  increase  of  their  num¬ 
ber,  which  usually  is  limited  by  the  strength  of  the  disks.  There  are  possible 
cases  when  the  increase  of  pitch  is  limited  by  the  strength  of  the  wire  connections 
of  the  cascade. 

Vibration  reliability  of  blades  requires  the  installation  of  connective  or 
damper  wires  which  not  only  noticeably  lower  the  economy  of  these  sections,  but 
sometimes  block  the  flow  so  much  that  it  significantly,  disturbs  the  process  of  flow 
also  in  the  adjacent  sections.  All  this  leads,  as  compared  to  the  calculation,  to 
a  redistribution  of  flow  rates,  angles,  and  reactions  along  the  height,  and  in  a 
considerable  part  of  the  stage  it  affects  the  flow.  In  a  number  of  cases  when 
drilling  a  blade  under  a  wire,  the  profile  is  thickened  in  this  spot,  which  results 
in  a  change  of  the  flow  process-.  An  especially  unfavorable  effect  is  brought  about 
by  the  installation  of  several  rows  of  wires  in  direct  proximity  to  one  another. 

A  disturbance  of  the  flow  can  appear  in  this  case  even  at  a  large  distance  from 
the  place  of  installation  of  the  wires. 

From  these  positions,  it  is  favorable  to  replace  the  connective  wires  by  an 
external  shroud,  which  decreases  steam  leakage  over  the  blades.  Such  blades  are 
applied  by  certain  foreign  firms  [147].  Unfortunately,  we  do  not  have  any 
experimental  data  which  characterizes  the  influence  of  a  b  ade  shroud  on  the  removal 
of  moisture. 

Anti-erosion  protection  of  blades  is  carried  out  in  last  stages  either  in  the 
form  of  stellite  inserts,  or  by  means  of  special  treatment  of  the  blade  surface. 

Both  these,  and  other  methods  can  lower  the  effectiveness  of  given  sections. 

Stellite  inserts  (that  are  correctly  made),  according  to  the  results  of  MEI 


experiments,  do  not  render  a  perceptible  influence  on  cascade  losses. 

Selection  of  Law  of  -Twisting 

At  present,  all  stages  with  small  d/l  are  calculated  by  means  of  the  equation 
of  radial  equilibrium  in  a  clearance.  However,  as  a  rule,  such  a  calculation  is 
performed  only  with  simplified  formulas,  without  considering  a  number  of  additional 
factors  (for  details  see  §§  37  >  38,  4 5*  and  46).  But  also  in  this  case  it  is 
possible  to  select  a  law  of  twisting  that  determines  the  change  of  angles  and 
P2  with  respect  to  height,  and  consequently  also  the  geometric  characteristics  of 
the  stage.  The  mean  values  of  the  angles  depend  on  the  dimensions  of  the  stage  and 
the  volume  steam  admission.  Usually  the  next-to-the-last  stages  of  condensing 
turbines  it  is  necessary  to  design  the  cascade  with  very  small  angles  and  small 
angles  P2,  accordingly,  in  order  '6  provide  a  smooth  transition  to  the  last  stage. 

In  the  practice  of  designing  last  stages  we  encounter  laws  of  twisting  tflth 
cylindrical  nozzle  blades,  with  a  nozzle  cascade  that  ensures  the  constancy  of 
angle  along  the  radius j  cascades  with  angle  increasing  from  root  to  tip,  -and 
finally,  we  may  find  nozzle  blades  with  a  decrease  of  angle  a1  from  root  to  tip 
(see  Chapter  VII).. 

The  outlet  angle  the  moving  cascade  pg  either  remains  constant  (cases  of 
helical  blading  are  rarely  encountered)  or  usually  .decreases  somewhat  from  root 
to  tip. 

A  special  case  is  a  two-level  stage  that  preceeds  the  last  stage  (the  so-called 
Bauman  stage).  An  example  of  this  stage  is  shown  in  Fig.  243.  Two-level  stages 
are  applied  by  the  Metro-Vickers  firm  and  by  our  LMZ.  In  particular,  a  two-level 
stage  Is  included  in  the  LMZ  turbines  CBK-150  and  I1BK-200. 

It  is  sometimes  considered  that  a  two-level  step  is  hardly  economical  and 
therefore  it  is  not  expedient  for  use  In  high-power  turbines.  This  opinion  is  based 
mainly  on  the  results  of  testing  the  turbine  CBK-150,  the  low-pressure  cylinder  of 
which  indicated  an  unsatisfactory  economy.  The  low  economy  of  the  two-level  stage 
of  the  existing  turbines,  in  our  opinion,  is  caused  not  by  the  specific  peculiarity 
of  this  stage,  but  by  its  incorrect  designing.  This  was  indicated  in  the  following: 

1.  Lections  of  cascades  of  last  stages,  and  especially  the  upper  level  of  the 
noxt-lo-the-last  stage,  were  constructed  without  taking  into  account  the  peculiarities 
of  supersonic  flow,  although  it  is  known  that  in  many  sections  of  these  stages  the 
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cieajn  fates  are  considerably  higher  than  critical.  Stamped  nozzle  blades,  for  a 
variable  M  number  with  respect  to  the  height  of  the  entire  stage,  were  not  generally 


Fig.  2>0.  Two-level  next- 
to-last  stage  and  last  stage 
of  a  large  steam  turbine. 


designed.  Moreover,  manufacture  of  nozzle  blades 
of  the  lower  and  upper  level  from  one  sheet  inevitably 
connected  the  configuration  of  these  cascades  with 
a  high  supersonic  velocity  for  upper,  and  with 
a  velocity  close  to  M  =  1  for  the  lower  one. 

2.  A  partition  between  levels  in  the  nozzle 
blade  was  made  only  in  the  outlet  section.  In  a 
large  part  of  the  channel  there  occurred  free  move¬ 
ment  of  stage  from  one  level  to  the  other;  this 
disturbed  the  flow,  but  was  not  at  all  considered 
in  the  calculation. 

3.  The  chords  of  the  nozzle  cascades  of  the 
upper  and  lower  levels,  and  also  the  last  stage,  are 


so  large  that  the  relative  height  of  these  cascades  l^/b^  Cp  is  commensurable  with 
the  first  stages. 


Nsxt-to-last  stage 

Turbine 

Last  stage 

lower  level 

upper  level 

CBK-150 

nBK-200 

1.25 

4/0.9 

1.8 

1.34 

1.10 

1.00 

It  is  obvious  that  in  these  stages  the  end  losses  considerably  lower  the 
economy. 

H.  The  stage  sealing  is  not  satisfactory.  The  clearances  are  very  great,  and 
consequently,  the  leakages  between  levels  also;  they  are  also  large  over  the  rotor 
blades. 

The  economy  of  the  low-pressure  part  of  a  turbine  with  a  two-level  stage  can 
bo  of  the  same  order  as  without  it. 

Actually,  inasmuch  as  every  level  has  a  low  height,  and  consequently,  a  d/l 
ratio  at  v.'hlch  the  reaction  varies  insignificantly  with  respect  to  height,  it  is 
not  difficult  to  profile  the  cascades  of  the  next-to-the-last  stage.  As  it  is 
known,  when  designing  last  stages,  large  difficulties  arise  when  making  the  root 


sections;  the  angles  and  P2  are  very  small’ in  them.  For  a  two-level  stage,  where 
d/l  >  5  in  each  level,  this  difficulty  is  eliminated.  The  upper  section  of  the 
moving  cascade  is  very  complicated;  the  angles  reach  156-1600  there.  The  angle 
P1  for  the  upper  level  does  not  exceed  120-130°.  Inasmuch  as  the  reaction  on  the 
level  does  not  vary  much,  at  the  top  of  the  upper  level  it  will  be  considerably  less 
than  at  the  top  of  the  last  stage,  which  lowers  the  losses  due  to  leakage.  How¬ 
ever,  leakages  of  steam  from  the  lower  to  the  upper  level  through  the  clearance 
between  the  diaphragm  and  rotor  blade  remain.  For  eliminating  this,  one  might 
install  a  good  sealing  here. 

For  sections  of  the  nozzle  and  moving  cascades  of  the  upper  level>  where  the 
velocities  are  maximum,  it  is  possible  to  select  cascades  with  moderate  losses 
(see  §  1)2). 

In  particular,  apparently,  one  should  apply  nozzle  cascades  with  divergent 
channels,  i.e.,  Laval  nozzles.  Since  the  exhaust  in  the  moving  cascades  of  the 
upper  level  occurs  with  velocities  exceeding  critical,  the  velocities  in  the  nozzle 
cascade  will  vary  only  with  a  considerable  impairment  of  the  vacuum,  which  makes 
it  possible  to  apply  Laval  nozzles. 

In  our  opinion,  this  type  of  stage  has  several  shortcomings: 

First,  a  considerable  amount  of  moisture  will  be  concentrated  in  the  upper  level, 
that  will  significantly  lower  its  efficiency.  In  tills  case  it  may  be  assumed  that 
some  success  :in  removing  the  moisture  and,  in  particular,  the  location  of  the  last 
steam  extraction  in  front  of  a  two-level  stage  for  regeneration  of  input  water,  will 
make  it  possible  to  decrease  the  influence  of  moisture. 

Secondly,  some  difficulty  is  brought  about  behind  a  two-level  stage  by  the 
diaphragm  of  the  last  stage,  which  must  either  have  a  large  inclination  of  the 
meridional  contour  or  a  very  great  width.  The  solution  of  this  problem  requires 
special  investigations  which  make  it  possible  to  find  an  optimum  answer. 

Thirdly,  the  outlet  duct  behind  the  upper  level  should  be  developed  specially 
by  experimental  means.  The  LMZ,  together  with  MEI,  has  already  conducted  such 
research  work  for  making  such  outlet  ducts  for  the  HBK-200  turbine. 

Certainly,  only  special  investigations  in  a  twin-shaft  experimental  turbine 
will  make  it  possible  to  exactly  compare  the  economy  of  the  flow  area  with  a  two- 
level  stage  and  without  it;  however,  even  now  it  is  possible  to  speak  of  the 
competitive  value  of  the  model  with  a  two-level  stage.  It  should  be  borne  in  mind 


that  this  model  mak-rs  it  possible  to  essentially  simplify  the  turbine  design,  reduce 
its  cost,  employ  a  deeper  vacuum  in  a  number  of  cases,  and,  in  the  final  result, 
to  increase. the  economy  of  the  unit. 

£  43.  PROFILING  AND  THE  RESULTS  OF  STATIC  INVESTIGATION 
OF  CASCADES  OF  LAST  STAGES 

As  a  result  of  a  detailed*  calculation  of  three-dimensional  flow  in1  a  stage 

with  a  small  d/z  ratio  for  each  radius,  and  consequently,  for  each  cascade  section, 

all  performance  parameters  are  known.  Thus,  for  profiling  a  given  cascade  section, 

the  initial  parameters  are:  dimensionless  inlet  velocity,  MQ  (for  a  moving  cascade, 

M  ,  calculated  with  respect  to  relative  velocity),  on  outlet  velocity,  M  (or 
W1  C1 

),  inlet  angle,  outlet  angle,  ®i(£ g)*  and  also  the  viscosity  coefficient, 

v,  which  is  necessary  for  determining  the  Reynolds  number.  When  profiling  cascades 
of  last  stages,  especially  limiting  stages,  it  is  necessary  to  consider  sometimes 
the  very  stringent  requirements  of  strength  and  vibration  reliability  (including 
the  reliability  of  the  disk  and  the  rotor  blade).  Although  the  use  of  profile 
machines  for  t:  eating  blade  surfaces  considerably  facilitated  optimum  cascade 
profiling,  with  this  type  of  profiling  It  is  nevertheless  impossible  not  to  consider 
the  technology  of  manufacture. 

The  requirements  of  reliability  limit  the  selection  of  the  dimensions  of  thick¬ 
ness  of  the  trailing  edge,  the  magnitude  of  absolute  pitch  (i.e.,  the  number  blades, 
and  consequently,  the  stresses  in  the  disk),  the  width  and  thickness  of  the  rotor 
blade  profile,  and  sometimes  the  value  of  the  area  of  the  profile,  the  moments  of 
Inertia,  and  resistance. 

{Selection  of  cascades  for  a  stage  cannot  be  performed  without  having  data  on 
the  variation  of  its  operating  conditions.  For  condensing  steam  turbines,  as  it 
is  known,  the  conditions  of  only  one  last  stage  vary;  for  low-power  turbllnes, 
the  conditions  of  the  next-to-the-last  stage  also  vary. 

In  a  last  stage  of  limited  power  the  velocities  of  steam  outlet  from  the 
moving  cascade,  w?,  are  noticeably  greater  than  the  critical  values  almost  along 
the  entire  blade  height;  therefore,  the  conditions  of  flow  in  the  nozzle  cascade  will 


x Tills  detailed  calculation  can  be  performed  only  for  given  values  of  the  loss 
coefficient  and  therefore,  strictly  speaking,  it  should  be  conducted,  based  on  the 
results  of  static  cascade  Investigations  (see  §  45). 
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vary  only  at-  very  high  temperatures  of  the  cooling  water:  namely  the  veloci  .ies 

c„  and  w. ,  and  the  angle  p. .  For  these  stages  only  K.,  will  be  practically  va-iat'e. 
ix  x  v*  g 

For  stages  with  computed  values  of  <  1,  Mc  ,  Mw  ,  and  angle  will  vary.  For 
all  last  stages  of  steam  turbines,  depending  upon  the  pressure  in  the  condenser, 
the  Reynolds  number  will  vary. 

For  turbines  with  variable  speed*,  besides  the  above-indicated  changes,  M  , 

C1 

,  angle  p^,  and  angle  aQ  will  vary  in  ail  cases.  Expecially  essential  is  the 

change  of  conditions  in  stages  of  extracting  machines. 

It  should  be  noted  also  that  certain  errors,  wnich  are  permitted  -for  several 
reasons  in  the  complicated  calculation  of  three-dimensional  flow,  and  also  certain 
manufacture  deviations  from  drawings,  require  the  selection  of  cascades  which, 
independently  of  variable  stage  conditions,  would  not  be  very  sensitive  to  some 
variation  of  the  angles  aQ  and  and  the  inlet  and  outlet  velocities. 

The  main  criterion  in  the  selection  of  cascade  type  is  the  M  (or  t-L.  )  number. 

C1  ”2 

Three  cases  are  possible:  1)  completely  subsonic  flow  in  stage,  2)  mixed  flow; 
supersonic  .Ln  root  sections  of  nozzle  cascade  and  in  upper  sections  of  moving 
cascade,  and  subsonic  in  upper  sections  of  nozzle  cascade  and  in  root  sections  of 
moving  cascade;  3)  completely  supersonic  flow  in  clearance  and  in  relative  motion 
behind  stage. 

Let  us  first  consider  the  structure  of  the  profiles  for  a  stage  with  subcritical 
velocities.  In  this  case,  for  the  majority  of  sections,  we  should  be  guided  by 
the  atlas  or  the  profile  standards,  whereby  it  is  the  most  expedient  to  select 
standard  profiles  for  the  mid-sections.  If  we  select  effective  profiles  and 
correspondingly  optimum  geometric  parameters  (pitch  and  angle  of  incidence)  for 
the  mid-sections,  then  even  in  the  most  remote  sections,  i.e.,  the  root  and  peripheral 
sections,  the  losses  will  be  moderate. 

In  accordance  with  the  selected  law  of  twisting  of  the  nozzle  cascade,  the  form 
of  the  function  a1(r)  is  k;..'v>n.  For  a  guarantee  of  the  given  change  of  a^r)  it  is 
possible  to  change  the  profile  angle  ay  and  the  1 elative  pitch.  It  is  obvious  that 
the  geometric  parameter  which  has  the  weakest  effect  on  cascade  losses  sho"’d  be 
subjected  to  maximum  changes.  By  using  the  results  of  cascade  tests  in  static 
conditions,  it  is  not  difficult  to  establish  which  of  the  two  parameters  (ay  or  TT) 
should  be  subjected  to  variation  for  guarantee  of  the  selected  law  of  ct^r).  With 
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a  not  very  large  change  of  from  root  to  top,  it  is  more  expedient  that  the  relative 
pitch  with  respect  to  height  be  maintained  approximately  constant  and  the  change  of 
a1  be  ensured  by  turning  the  profile,  i.e.j  increase  the  profile  chord  from  root 
to  top.  In  certain  cases-,  depending  upon  ti.e  type  of  profile  twisting  of  the 
nozzle  cascade  is  rationally  accomplished  by  simultaneously  changing  cty  and  tT. 

Thus,  for  the  solution  cf  the  problem -on  hand,  it  is  necessary  to  rely  on  the 
characteristics  =  f(dy,  t)  .and  =f'(ay,  t)  (see  Chapter  I). 

In  attempting  to  reduce  the  number  of  stages  in  a  low-pressure  cylinder,  small 
nonoptioal  ratios  u/c^  are  sometimes  selected  for  them.  In  this  case  the  angle 
of  entrance  to  the  nozzle  cascade  can  be  considerably  less  than  90°.  These  cascades 
cannot  be  constructed  from  the  usual  profiles  that  are  intended  for  aQ  »  90°.  It 
is  especially  bad  to  use  these  profiles 'in  extreme  sections,  where  the  influence  ox- 
end  phenomena  is  perceptible.  In  this  case  it  is  possible  to  use  the  profiles 
recommended  in  $  24  or  to  specially  design  them  for  the  calculated  angle  aQ. 

Profiles  for  subsonic  velocities  should  respond  to  the  condition  of  continuously 
varying  curvature  (profiles  of  group  "A"):  the  diffuser  sections  should  be  as  short 
as  possible,  and  the  pressures  gradients  in  them  should  be  minimum. 

In  the  root  sections  of  a  moving  cascade,  where  the  reaction  is  small,  in  a 
number  of  cases  it  is  expedient  to  design  the  divergent-convergent  channels  as 
recommended  for  cascades  of  group  "K"  (Chapter  I) . 

Of  importance  is  the  question  concerning  the  selection  of  the  inlet  angles  of 
the  moving  cascades.  In  accordance  with  experimental  data,  with  the  increase  of 
reactance,  the  influence  of  the  inlet  angle  of  flow  on  cascade  losses  decreases 
(see  Chapter  I).  Minimum  losses  are  detected  in  impulse  cascades  at  inlet  angles 
that  are  somewhat  greater  than  the  geometric  angle  of  the  leading  edge.  In  reaction 
cascades  with  small  angles  of  rotation  (p^  >  90°)  a  reverse  picture  is  observed, 

L.e.,  minimum  losses  correspond  to  inlet  angles  of  flow  that  are  somewhat  less  than 
the  geometric  angles.  For  an  illustration  of  this,  P’ig.  244  [98]  and  [99]  gives 
the  loss  coefficients,  depending  upon  p^  for  the  root  and  peripheral  sections  of 
a  moving  cascade  of  the  limiting  stage  of  a  large  steam  turbine.  Therefore  for  a 
moving  cascade,  the  geometric  angles  of  the  leading  edges  of  the  blades  may  be 
noncoincldent  with  the  angles  of  flow:  ^  Plj;.  In  the  root  sections,  (3^  >  p^. 

The  difference  of  angles  decreases  toward  the  tip  and  p^  <  Plfl  in  the  peripheral 
(  )  sections.  In  accordance  with  the  experimental  data,  this  law  of  change  of 
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ensures  minimum  losses  in  the  moving  cascade 


With  a  mixed  flow  in  a  clearance,  the  velocities  in  the  root  sections-  of  a 

nozzle  cascade  are  supersonic,  and  subsonic  in  the  peripheral  sections.  In  this 

case  the  shape  of  profiles  varies 

with  respect  to  blade  height  not 

only  as  a  result  of  twisting,  but 

also  in  connection  with  the  change 

of  the  M  number  (at  the  outlet). 

In  those  sections  where  the 

velocities  are  subsonic,  Mcl  <  0.9 

(upper  sections  of  nozzle  cascace), 

the  profiles  have  the  usual  subsonic 

shape  (profiles  of  group  "A").*  In 

sections  where  the  flow  is  transonic, 

profiles  of  group  "B"  are  applied 

-,(mid -section  of  nozzle  cascade). 

In  the  root  sections  the  Mcl  number  is 

considerably  greater  than  unity  and 
profiles  of  group  "B"  or  specially 

profiled  divergent  nozzles  must  be 

used  here.  The  inlet  conditions  vary 

essentially  in  a  moving  cascade.  In  the  root  sections  the  profiles  are  similar  to 

impulse  profiles  and  the  inlet  and  outlet  velocities  in  them  are  transonic  or  low 

supersonic  at  the  outlet. 

In  accordance  with  this,  impulse  profiles  of  group  "B"  or  "B"  must  be  placed 
in  these  sections. 

Only  in  very  rare  cases,  under  calculated  conditions,  are  moving  cascades  design 
designed  with  supersonic  inlet  velocities.  However,  in  this  case  the  is  not 
much  greater  than  the  critical  value. 

Frequently,  especially  for  the  limiting  stages  of  both  steam,  and  also  gas 
turbines,  the  geometric  characteristics  of  the  root  sections  of  the  rotor  blades 
differ  essentially  from  the  standard  profiles.  This  is  connected  with  the  reliability 


*This  is  one  of  the  most  Important  specific  features  of  the  nozzle  cascade  of 
a  last  stage,  which  requires  a  new  and  different  approach  to  their  investigation  and 
design. 


Fig..  2 W.  Influence  of  the  angle  of  leakage 
Oil  profil.,  losses  of  the  moving  cascade  of 
a  stage  with  d/l  =265  in  the  following, 
sections;  root  (on  the  left)  =  1.1;'  in¬ 
let  angle  =  28°;  minimum  losses  at 

P^  =  ^5-^0°;  upper  section  (on  the  right); 
inlet  angle  P1;I  =  lAB0,  minimum  losses  at 
p1  =  115-125°. 


of  blades  and  disks.  Usually  the  root  sections  have  relative  pitch  t"  and  thickened 
profiles,  in  consequence  of  which  very  narrow  channels  are  formed.  Sometimes 
thick  profile  edges  are  necessary.  Furthermore,  one  should  consider  that  the  root 
sections  of  blades  of  last  stages  must  operate  stably  during  changes  of  angle 
and  velocities  w^  and  w2*  Specific  features  of  the  root  sections  of  rotor  blades 
of  last  stages  are  small  design  Reynolds  numbers. 

Under  design  conditions  they  reach  up  to  1  to  2*10-',  decreasing  with  the  deep¬ 
ening  of  the  vacuum. 

Toward  the  middle  and  upper  sections  of  a  moving  cascade  the  profiles  become 
reaction  type.  The  mid-sections  of  a  moving  cascade  are  like  the  usual  supersonic  • 
nozzle  cascades  which  have,  because  of  strength  conditions,  thinner  profiles  and 
thinner  leading  edges.  The  upper  sections  of  a  moving,  cascade  differ  by  very  small 
angles  of  rotation,  thin  (almost  constant  thickness)  profiles,  and  large  pitch. 

Optimum  blade  shape  is  the  most  difficult  for  a  mixed  section  in  a  stage.  Due 
to  technological  conditions,  it  is  not  always  possible  to  completely  work  out  this 
shape.  In  this  case  the  permissible  deviations  must  be  checked  experimentally. 

With  a  completely  supersonic  flow  in  a  stage,  the  blades  of  the  nozzle  and 
moving  cascades  correspond  to  group  "B"  and  "B"  or,  depending  upon  the  M  numbers 
in  absolute  and  relative  motion,  only  to  group  "B. "  It  is  characteristic  that  the 
outlet  areas  of  many  sections  of  the  nozzle  and  moving  cascades  of  such  a  stage  must 
be  carried  out  with  a  slight  expansion  of  the  vane  channel  and  concave  back  in  the 
slanting  shear. 

The  relationship  between  geometric  angles  and  angles  of  flow  should  be  different 
as  compared  to  subsonic  stages.  In  the  considered  case  0^  <  in  the  upper 

sections;  In  the  root  sections  of  a  moving  cascade,  when  (3^  <  ,  there  can  appear 

choking  conditions  that  are  connected  with  the  impracticability  of  such  flows  when 

%  >  1‘ 

A  similar  remark  can  be  made  with  respect  to  stages  having  a  mixed  flow,  in 
the  root  sections  of  which  the  flow  at  the  entrance  to  the  moving  cascade  is  super¬ 
sonic. 

In  an  actual  stage,  where  M  decreases  from  root  to  periphery,  this  "choking" 
at  the  entrance  to  the  root  sections  will  lead  to  a  redistribution  of  flow  rates 
with  respect  to  height,  and  consequently,  to  a  decrease  in  economy. 


An  example  of  profiling  blades  for  a  mixed  flow  is  shown  in  Fig.  245,  a  and 
b.  Here,  in  the  root  sections  of  the  nozzle  cascade,  reaction  profiles  are  employed 


for  supersonic  velocities, 
with  a  slightly  divergent 
section  at  the  vane  channel 
outlet  and  concave  back  in 
the  slanting  shear.  Impulse 
profiles  are  used  in  the 
root  sections  of  the  moving 
cascade.  The  upper  sections 


Fig.  245-  Blade  profiling  for  a  stage  with  mixed 
flow:  a)  nozzle  cascade  —  root  section  (Mcl  = 

1.57)  of  special  cascade  with  divergent  channels 
and  concave  back  in  slanting  shear;  mid -section 
(M i  =  O.98)  of  standard  cascade  TC-2A;  peripheral 

section  (Mcl  =  0.74)  of  same  cascade  TC-2A;  b) 


of  the  nozzle  -'ascade,  for 
low  supersonic  are  made  from 
the  usual  profile:  of  group 
"B. " 


moving  cascade  -  root  section  =  0.92;  Mw2  =  iet  U£.  conslder.  -ome 

1.22;  mid-section  M  .  =  0.25;  M  2  =  1.46; 

peripheral  section  =  0.68;  =  1.72.  results  of  an  investigation 

(in  static  conditions)  of 

sections  of  nozzle  and  moving  cascades  of  limiting  stages  of  large  turbines. 

The  distribution  of  velocities,  angles,  and  reactions  for  the  calculation  of 
a  limiting  stage  is  shown  in  Fig.  246.  This  stage  was  designed  under  the  condition 
of  a±  ~  const. 

Figures  247  and  249  give  graphs  of  losses  for  three  types  of  nozzle  cascades 

whose  blades  are  milled  (Fig.  248).  For  profiles  with  a  convergent  channel,  minimum 

losses  are  found  at  M.  =  0.7  to  1.0.  In  design  conditions  for  the  root  section, 

clt 

the  M  number  equals  1.57;  the  profile  losses  have  larger  values.  It  is  obvious 
clt 

that  the  transition  to  cascades  with  divergent  channels  at  high  velocities  (see 
Chapter  I)  should  lead  to  an  essential  lowering  of  losses.  The  curves  on  Figs.  24? 
and  249  distinctly  show  that  the  design  of  the  channel  in  the  root  section  with 
slight  divergence  at  the  outlet  makes  it  possible  to  decrease  the  profile  losses 
a  few  times  under  design  conditions,  and  the  deflection  of  flow  in  the  slanting 
shear  also  essentially  decreases.  It  should  be  emphasized  that  the  modern  form 
has  the  best  results  for  the  range  of  conditions  that  are  practically  encountered 
in  normal  operation. 
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For  a  section  of  the  nozzle  cascade  that  is  at  a  distance  of  0.11  from  the  root, 
1 


the  design  Mc  number  amounts  to  1.58.  The  advantage  of  the  group  "B"  cascade,  with 


Fig.  246.  Distribution 
of  velocities  and  angles 
with  respect  to  height 
for  the  limiting  stage  of 
a  large  condensing  turbine 
(calculation  performed  by 
means  of  a  simplified 
equation  for  radial  equi¬ 
librium  in  a  clearance). 


smaller  divergence  of  the  vane  channel  (f  =  1.11)  in 

design  conditions,  is  obvious:  the  losses  are  lowered 

by  4.5/£  in  this  section  upon  transition  to  the  A-A 

shape  of  the  back  (see  Fig.  248).  For  a  section,  that 

is  at  a  distance  of  0.351  from  the  root,  the  usual 

shape  of  the  back,  which  is  applied  for  profiles  of 

group  "B,"  has  Indubitable  advantages;  when  M  =  1.1, 

C1 

the  profile  losses  in  this  section  amount  to  3  to 
3.5$. 

The  given  results  distinctly  show  that  for  obtain¬ 
ing  maximum  efficiency,  the  profile  of  a  nozzle  cascade 
should,  vary  in  height  in  accordance  with  the  change  of 
the  M  number.  This  method  of  profiling  ensures  not 


only  minimum  losses  in  a  nozzle  cascade,  but  makes 
it  possible  to  better  organize  the  flow  in  an  annular 
cascade.  Actually,  the  application  of  profiles  of 
group  "B"  for  the  root  sections  leads  to  a  decrease 
of  the  angle  of  deflection  of  flow  in  the  slanting 
shear.  Since  deflection  in  the  slanting  shear  in  a 
real  annular  cascade  occurs  also  in  a  radial  direction,  a  decrease  of  the  expansion 
ratio  of  the  flow  in  the  slanting  shear  by  means  of  the  application  of  cascades  of 
group  "B"  makes  it  possible  to  decrease  the  radial  velocity  components  and  the 

radial  leakages,  respectively. 

The  sections  of  a  nozzle  cascade  that 


;  i  ) 


Fig.  247.  Influence  of  the  chan¬ 
nel  shape  of  a  nozzle  cascade  on 
profile  losses  (see  Fig.  248). 


are  calculated  for  a  large  M„  number  may  be 

C1 

designed  according  to  the  method  of  character¬ 
istics.  Let  us  mention  some  of  the  features 
of  this  kind  of  profiling  for  given  conditions 
of  flow  in  a  specific  section.  Calculation 
of  the  channel  is  performed,  starting  from 
the  minimum  throat  area,  where  it  is  assumed 
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that  V,  =  1. 


The  expansion  ratio  of  the  channel  should  always  be  assumed  as  less  than  that 
found  by  stage  calculation.  Appropriate  recommendations  for  the  selection  of  f  onT 

.  are  given  in  Chapter  I.  However,  taking 
into  account  the  peculiarities  of  steam 
flow  in  last  stages,  certain  deviations 
are  'possible. 

First  of  all  it  is  necessary  to 
consider  that  supersonic  cascades 

Fig.  248.  Different  shapes  of  a  nozzle 

cascade.  '  noticeably  react  to  a  change  of  Reynolds 


number  at  small  Re  numbers  and:  with  decreases  of  M  numbers  as  compared  to  the 

1 

design  values.  Furthermore,  one  should  consider  the  inevitable  additional  expansion 

of  the  flew  beyond  its  limits,  which 

2^  ...  —i  | .  — r- .  .■ 

V  is  caused,  in  particular,  by  the  finite 

0100 - —  : - * - - - 

\  \»  |  thickness  of  the  trailing  edges. 

k.  A  I  Given  experiments  for  special 

0)075  — — - - — /“\“T  — j - •  — 

\  I  shapes  of  profiles  of  last  stages 

005g _ _ V  I _  showed  that  the  parameter  f  should  be 

>7  j  I 

'cr  *  \  _  selected  according  to  the  number  « 

m - -j — ; —  - 

llj  Figure  250  shows  an  example  of 

0  - - - — - - IS - - 

0.5  0.75  i.o  1,75  1,5  i,75  H„  the  calculation  of  the  channel  of  the 

Fig.  249.  Influence  of  change  of  cascade  root  section  of  a  nozzle  cascade  by 
on  profile  losses  in  the  root  section  of 

a  nozzle  cascade  at  aQ  =  90  and  b  =  60,5  the  nethod  of  characteristics,  and 

mm.  (m  experiments);  curves:  — -  pi  &9  ives  the  results  Gf  mvesti- 

(solid)  —  cascade  with  divergent  chan-  & 

(dotted  line)  —  cascade  gations  of  a  straight  cascade  in  this 


0.5  0.75 


1,75  1.5 


Fig.  249.  Influence  of  change  of  cascade 
on  profile  losses  in  the  root  section  of 
a  nozzle  cascade  at  aQ  =  90  and  b  =  60,5 

mm.  (MEI  experiments);  curves:  - 

(solid)  —  cascade  with  divergent  chan¬ 
nels;  -  (dotted  line)  —  cascade 

with  convergent  channels.  Experiments 
in  air,  Remx  =  (5  to  8).  10s.  In  both 

of  these  cascades  the  geometric  parameters 

IT,  b,  a,  8  !tp  ,  and  ctQ  are  identical; 

(dot  and  dash)  —  cascade 
from  the  same  profiles,  but  with  larger 
pitch  (with  smaller  f  >  1).  Experiments 
were  conducted  in  steam,  Re  =  2.>10J. 


section-. 

■  Dependences  of  profile  losses  on 

the  M  number  (experiments  were  con- 
C1 

ducted,  by  engineer  Ye,  V.  Mayorskiy 
in  an  air  wind  tunnel  of  the  mei)  are 
shown  here  for  this  cascade  and  for  a 


usual  cascade  without  a  divergent  section.  From  a  comparison  of  the  curves,  and  also 
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Pig.  250.  Calculation  of  a  channel  of  the  root  sec¬ 
tion  of  a  nozzle  cascade  by  the  method  of  character¬ 
istics. 

from  an  analysis  of  the  distribution  of  curves  of  stage  losses,  it  is  clear  that  in 
a  convergent  channel,  in  spite  of  the  favorable  straightening  of  the  back  of  the 
profile  in  the  trailing  section,  starting  with  M  >  1.25,  there  is  a  sharp  increase 
in  losses  which  J  s  caused  mainly  by  separation  of  the  boundary  layer  in  the  shock 
wave  zone. 

Although  the  given  experiments  were  not  reduced  to  the  design  number  M  =  1.57> 

C1 

nevertheless  it  is  obvious  that  the  losses  in  an  ordinary  cascade  with  this  M  number 

will  be  even  greater;  these  statements  are  confirmed  by  other,  similar  investigations. 

A  specially  profiled  divergent  channel  has  very  small  losses  at  M  number  >  1.5; 

at  the  same  time,  at  low  velocities  the  profile  losses  are  essentially  increased. 

It  is  obvious  that  for  high  stability  of  the  given  cascade,  it  should  be  designed 

for  a  smaller  M  number,  i.e.,  with  smaller  expansion,  f  <  1.15.  However,  inasmuch 
c3 

as  the  given  cascade  is  intended  for  steam  operation  in  a  region  of  little  moisture, 
then  for  k  =r  3.3J5  the  cascade  will  have  more  sloping  characteristic  with  minimum 
losses  at  smaller  M  numbers  (experiments  were  conducted  in  air). 

figure  ?h<)  shows  the  dependence  of  profile  losses  for  a  cascade  composed  of  the 
same  profiles,  but  with  a  somewhat  larger  pitch,  and  consequently,  a  smaller  expansion 


f.  The  experiments  were  conducted  in  steam  (final  moisture  content  (1  -  x)  =  0.02 
to  0.03)  at  a  constant  Reynolds  number  (for  the  influence  or  the  Re  number  on 
losses  in  divergent  cascades,  see  below  on  p.  430). 

For  the  root  sections  it  is  impossible  to  disregard  the  end  phenomena.  The 
above-considered  cascade  (see  Fig.  250)  was  investigated  in  different  sections  with 

respect  to  height  both  in  a  straight,  and  also 
in  an  annular  cascade.  The  results  of  this 
investigation  are  shown  in  Fig.  251.  Inasmuch 
as  the  experiments  were  conducted  under  different 
conditions,  we  will  not  compare  the  total  losses, 
but  only  the  end  ones.  For  a  straight  cascade, 
the  influence  of  the  ends  is  perceptible  for 
1/ b  =  0.2  to  0..25,  whereby  the  mean  value  of 
losses  in  this  zone  is  greater  than  that  of  the 
profile  losses  by  A£  =  3$.  In  an  annular  cascade, 
the  zone  of  end  losses  extends  to  1/ b  =  0.4  to 
0.55,  which  in  an  actual  stage  corresponds  to 
a  distance  of  100  mm  from  the  root.  In  this  zone 
the  losses  increase  by  A£  «  3.8$. 

If  those  losses  are  referred  to  half  of  the  height  of  a  limiting  stage  with 
1  =  1000  mm  (taking  into  account  the  end  phenomena  in  the  upper  contour  of  the 
diaphragm),  then  total  cascade  losses  will  be  increased  by  0.8$. 

Let  us  consider  in  detail  the  results  of  profiling  and  the  investigation  of  the 
upper  sections  of  rotor  blades.  It  should  be  noted  that  in  connection  with  the  very 
large  reaction  at  the  top  and  the  highest  specific  flow  rate,  the  influence  of  the 
economy  of  these  cascades  is  greater  than  for  all  other  sections  of  both  nozzle,  and 
also  moving  cascades. 

The  configurations  fo”  these  cascades  are  specific,  e.g.,  small  thickness  and 

camber  of  pre files,  large  pitch,  small  deflection  of  flow  in  channel,  and  components 

sometimes  consisting  of  several  degrees.  A  change  of  chord  and  thickness  of  a  profile 

is  possible  only  within  very  narrow  limits,  since  it  is  limited  by  blade  strength. 

These  cascades,  even  in  design  operating  conditions  of  a  turbine,  have  high  supersonic 

exhaust  velocities  that  reach  M,,  =  1.7  to  1.8;  upon  deepening  the  vacuum,  the 

W2t 

velocities  Increase  to  M  *•-  2.  The  MET  laboratory  conducted  an  investigation  of 

w?t 


Fig.  251.  Losses  in  the  nozzle 
cascade  shown  in  Fig.  250  (MEI 

experiments).  Curves:  — - 

(solid)  —  swm  experiments  in 
an  annular  cascade,  M„ 


=  1.60;  Re  =  3.3 
max 


clt 

•10s; 


(dash)  —  air  experiments  in  a 
straight  cascade,  Mc^t  =  1.57; 


several  cascades  on  the  upper  sections  of  the  rotor  blades  of  the  limiting  stage  of 
a  300  thousand  kilowatt  turbine  [99]. 

The  results  of  an  investigation  of  one  of  the  upper  sections  are  given  below. 

This  section  of  thj  turbine  is  at  distance  of  930  mm  from  the  blade  root.  One  of 
forms  of  this  section  I  is  shown  in  Fig.  252.  The  same  figure  shows  a  diagram  of 

jjr'-ssure  distribution  along  the  profile, 
depending  upon  the  M2fc  number  at  the  outlet 
(.design  value  of  Mgt  =  1.72).  The  inlet 
angle  is  0*  =  l6l°.  In  all  investigated 
conditions  the  inlet  convergent  portion  of  the 
channel  is  streamlined  on  the  back  approximately 
identically  with  a  sufficiently  smooth  change 
of  velocity.  At  the  same  time,  at  the  inlet 
on  the  concave  side  of  the  profile  we  see  a 
diffuser  section,  the  presence  of  which  con¬ 
firmed  the  calculation  of  the  flow  that  was 
performed  according  to  the  channel,  method  [93]. 
In  general,  at  the  entrance  section  of  the  concave  wall  the  pressure  gradient  is 
very  small. 

The  diagram  of  velocities  around  the  contour  of  profile  I  allows  us  to  make 
the  following  very  interesting  conclusions.  If  the  velocities  on  the  concave  side 
of  the  profile  are  continuously  variable  and  the  diffuser  sections,  apparently,  are 
small,  then  on  the  bock  in  the  slanting  shear  there  occurs  a  sharp  change  of  pressure 
which  is  caused  by  a  system  of  shocks.  With  the  increase  of  velocity,  this 
intermittent,  shock-like  character  of  flow  is  evident  to  a  large  extent. 

At  higher  velocities  the  system  of  shocks  leads  to  a  separation,  and  consequent!., 
to  essential  losses. 


Fig.  252.  Diagram  of  velocity 
distribution  along  a  profile  of 
the  upper  section  of  a  moving 
cascade  (form  I)  of  a  limiting 
stage  (MEI  experiments)  at 
Re  =  (7  to  q)-±(F ,  b  =  62.3  mm, 

and  ¥  =  O.9O7. 


The  dependence  of  profile  losses  on  the  M2t  number,  which  is  represented  in 
Fig.  253,  shows  that  in  the  range  of  Mg^.  numbers  from  1  to  I.J15  the  losses  amount 
to  6  to  7$,  and  at  high  velocities,  beginning  with  M2t;  =  l.*)5>  they  grow  sharply 
and  attain  a  magnitude  of  10,5$  at  H?f.  =  1,66.  Upon  transition  to  design  conditions 
and,  all  the  more  so,  to  conditions  of  deep  vacuum,  the  losses  will  strongly  increase. 
Calculation  of  the  upper  section  of  the  ortlre  stage  shows  that  at  =  1.8  the  iosse 
in  the  moving  cascade  (in  k,i/kg)  exceed  the  sum  of  looses  in  the  nozzle  cascade  and 


with  tiie  outlet  velocity.  Then,  20#  of  the  length  of  the  blades,  in  which  the  sec¬ 
tions  are  essentially  similar,  admits  as  much  steam  as  40#  of  the  height  computed 
from  the  root. 


Another  cascade,  form  II  (Fig.  253),  has  a  straight-side'd  profile  at  the  inlet 
and  a  smaller,  in  comparison  with  form  I,  angle  of  incidence  (for  the  cascade  of 

form  I,  the  angle  of  incidence  is  equal  to  16°,  and  for 
form  XI,  it  amounts  to  8°). 

The  dependence  of  profile  losses  on  the  Mg  number  is 
also  analogous  for  cascade  II.  It  is  true  that  the  improve¬ 
ment  of  the  conditions  of  flow  at  the  inlet  led  to  a  decrease 
of  losses  here.  At  M.-,t  =1.35  they  attain  a  minimum  mag¬ 
nitude,  i.e.,  a  total  of  2.5$.  However,  starting  with 
Mgt  =  1.45,  they  grow  steeply  and  attain  10#  at  Mgt  =  1.67; 
at  higher  velocities,  they  tend  to  grow,  which  is  even  more 
favorable  than  for  cascade  I. 

In  order  to  increase  the  effectiveness  of  a  cascade  in 
zone  of  design  velocities,  i.e.,  high  supersonic  velocities, 
a  new  cascade  was  constructed.  This  design  retained  not  only  the  performance  para¬ 
meters  (inlet  and  outlet  angles  and  velocities,  size  of  throat),  but  also  the  strength 
requirements  profile  area,  thickness,  trailing  edge,  and  others).  The  new  cascade, 
which  was  profiled  and  checked  experimentally,  is  shown  in  Fig.  254.  After  the  short 
inlet  section,  which  is  calculated  for  optimum  conditions  of  flow  at  a  given  inlet 
angle  of  p^  =  16 1°,  the  profile  does  not  have  a  concave  part.  Behind  the  inlet 
section  there  follows  a  divergent  channel, 

Tne  expansion  ratio  of  the  channel  is  less  than  that  calculated  for  the  given 
value  of  Mgt,  and  it  amounts  to  f  =  1,104.  The  slanting  shear  of  the  channel  has 
a  so-called  reverse  concavity  which  makes  it  possible  to  essentially  reduce  the 
losses  In  the  slanting  shear,  i.e.,  the  main  losses  in  cascades  of  forms  I  and  II. 

Such  a  profile  configuration,  oven  with  pre-expansion  in  the  slanting  shear,  should 
load  to  a  stabler  dependence  of  <np  =  f(M)  (sec  Fig.  253)  in  a  sufficiently  wide 
range  of  high  supersonic  velocities.  The  new  cascade  of  form  III  was  investigated 
on  a  1  :  P  scale  under  the  same  conditions  as  cascades  I  and  II.  A  qualitative 
picture  of  tin.'  velocity  distribution  along  the  profile,  which  was  obtained  by  drain¬ 
ing  It.,  is  represented  In  Fig.  254.  It  is  obvious  that  the  velocity  diagrams  are 


Fig,  253.  Profile 
losses  in  a  moving 
cascade  of  the  upper 
section  of  a  limit¬ 
ing  stage  at  He  -*  7 

to  9)‘105  (MEI  ex¬ 
periments). 

zone 


more  favorable  than  for  cascade  I.  For  the  back  of  the  profile  here,  under  all  con¬ 
ditions  there  is  observed  a  continuous  change  of  velocities  from  the  inlet  right  up 
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Fig.  251*  -  Diagrams  of  velocity  distri¬ 
bution  around  a  profile  of  the  upper 
section  of  a  moving  cascade  (form  III) 
of  a  limiting  stage  (MEI  experiments) 

at  Re  =  7  to  9-105;  f  =  F±/F±  min  = 

=  1.1. 0>l;  b  =  62.3  mm;  T  =  O.9O7. 


to  the  outlet,  including  the  velocity 
in  the  expanded  portion  of  the  channel. 
In  the  inlet  section,  which  was  designed 
with  two  convex  sides,  there  is  no 
diffuser  region.  The  other  side  of  the 
profile  has  a  less  successful  pressure 
distribution,  but  in  the  expanded  part 
of  the  channel  there  is  observed  a 
continuous  change  of  velocity  under  all 
supersonic  conditions. 

It  should  be  pointed  out  that,  in 
distinction  from  cascade  I,  critical 


pressure  in  this  cascade  is  attained  in  the  minimum  design  section.  This  coin  aence 
is  very  important  for  an  exact  determination  of  the  flow  rate  characteristics,  the 
calculated  cascade  areas,  and  the  entire  stage.  It  is  obvious  that  an  inaccurate 
knowledge  of  the  minimum  sections  and  there  parameters  in  them  will  lead  to  a 
redistribution  of  the  flow  rates,  reaction,  and  velocities  with  respect  to  height, 
and  to  a  noticeable  lowering  of  efficiency  (see  §  M).  The  flow  in  the  expanded  part 
of  the  channel  is  accelerated  to  Mgt  «  1.35>  which  corresponds  to  the  calculation. 

The  integral  characteristics  of  cascade  III  (see  Fig.  253)  are  the  following: 
under  conditions  of  subsonic  and  low  supersonic  velocities  (to  M2t  =  1.35)  the 
profile  losses  are  great  and  exceed  13$.  In  the  zone  from  Mg^  =  1.35  to  Mgt  =  1 . h 5 
there  is  observe  a  sharp  decrease  in  losses  to  ^nD  =  md  at  Mgt  =  1.5  to  1.7 
the  losses  attain  a  minimum  magnitude  of  f  =  3%.  Ca.scad„  III  can  still  be  further 
improved.  As  shown  by  an  analysis  of  velocity  distribution  along  the  profile,  the 
configuration  of  the  profile  in  the  slanting  shear  should  be  changed  somewhat,  in 
order  to  smooth  out  the  diagrams  and  decrease  the  negative  influence  of  shocks. 
Depending  upon  the  requirements  of  variable  operating  conditions  of  a  stage,  it  is 
possible  to  transfer  the  zone  of  minimum  losses  both  in  the  direction  of  smaller,  and 
also  larger  Moll  numbers. 

For  the  same  relative  pitch,  IT  ■=  0.90 7,  cascade  III  was  investigated  at  various 
inlet  angles  (Fig.  255).  The  experiments  showed  that  even  with  a  decrease  of  angle 
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P^  by  30°  (this  is  possible  by  decreasing  the  actual  reaction  in  the  given  section 
as  compared  to  the  proposed  design  reaction)  both  the  character  and  the  magnitude 
of  the  losses  are  practically  .unchanged .  With  the  decrease  of  angle  p^  in  the  zone 

of  high  velocities,  the  profile  losses  tend  to  decrease. 

At  the  same  time,  at  lower  velocities  (Mg  <  1.4),  a 
decrease  of  angle  P^  leads  to  a  growth  of  losses.  This 
is  explained  the  large  influence  of  the  inlet  section, 
v/here  a  separation  is  formed  on  the  back  of  the  blade. 

i 

Of  much  interest  are  the  investigations  of  the  in¬ 
fluence  of  pitch  of  this  type  of  cascade.  A  change  of 
pitch,  and  consequently,  also  the  number  of  blades,  affects 
the  strength  characteristics  of  the  disk  and  the  conditions 
of  flow  in  the  root  sections  of  the  blades,  where  the 
piveh,  is  usually  small  and  the  channel  is  very  narrow.  A 
section  of  cascade  III  was  investigated  with  a  calculated 
pitch  of  t  =  0.907,  and  with  a  10  and  20#  decrease  in 
pitch,  i.e.,  to  ¥  =  0.726,  and  with  an  increased  pitch 
to  ¥  a  1.12.  Simultaneously  for  two  values  of  ¥  (0.9 ¥ 


Fig.  255.  Influence 
of  inlet  angle  of  flow 
on  profile  losses  in 
the  moving  cascade  of 
the  upper  section  of  a 
limiting  stage  (form 
ITI)  (MI3I  experiments). 
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and  l.lt^y)  the  angle  of  incidence  changed  by  +5  .  Thus, 
seven  different  expansion  ratios  from  f  =  F^/F  =  1  to 
f  =-  1.28  wore  investigated  for  the  given  cascade.  The  results  of  these  experiments 
(with  inlet  angle  p^  =  16.'0)  are  presented  in  Fig.  256.  The  following  conclusions 
can  be  made  from  them: 

a)  even  the  biggest  possible  deviations  with  respect  to  ¥  and  p  T  did  not  lead 
to  a  very  largo  increase  of  losses  in  the  calculated  zone  of  Mgt  and  (M?fc  =  1.55  to 

1.7).  The  losses  in  the  worst  case  are 
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Fig.  :"<> .  Influence  of  relative  channel 
expansion  f  on  profile  losses  in  a  stage 
cascade  (form  ITT)  (sue  Fig.  28,l ) . 


lower  than  for  other  cascade  types  (see 
[99]). 

b)  minimum  losses  at  high  velocities 
are  not  attained  at  any  arbitrary  value 
of  ¥,  but  at  the  pitch  for  which  the 
given  cascade  was  specially  profiled; 

c)  at  Mp(.  numbers  essentially  smaller 
than  the  design  values,  the  losses 


O 


(  i 
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naturally  increase;  the  smaller  f  is,  the  smaller  the  magnitude  of  losses  Cnn- 

With  the  increase  of  pitch  and  high  velocities,  it  is  very  difficult  to  obtain 

a  cascade  with  small  losses.  However,  in  this  case,  it  seems  to  us,  the  difficulty 

of  an  exact  determination  of  the  design  outlet  area  is  more  essential. 

Simultaneously  with  the  measurement  of  losses,  the  outlet  angle  was  also 

determined.  As  can  be  seen  from  Fig.  257,  -for  the  selected  cascade  III  (IT  =  O.907) 

the  angle  P2  from  =  0.9  to  M2t  =  I.67 

practically  did  not  change  and  amounted 

to  19.5°>  which  is  5°  less  than  the 

effective  angle.  With  a  smaller  pitch 

(t-  =  O.726),  when  the  divergent  section 

of  the  channel  was  retained,  the  angle  02 

also  changed  very  little.  However,  for 

t”  =  1.12,  just  as  for  cascades  of  types  I 

and  II,  when  there  is  not  divergent  part, 

the  influence  of  the  number  on  angle 

P2  turns  out  to  be  very  noticeable,  i.e., 

there  occurs  a  deflection  of  the  flow  in 

the  slanting  shear. 

The  total  effect  obtained  from  the 

application  of  profiles  of  optimum  shape 

for  the  selected  laws  of  change  of  M  and  M  with  respect  to  radius  may  be 

clt  w2t 

estimated  by  the  curves  in  Fig.  258.  In  the  nozzle  cascade,  modernization  of  the 

profiles  in  the  root  sections,  where  M  »  1,  makes  it  possible  to  lower  the  total 

clt 

losses  by  P'/>,  whereupon  the  diagram  of  losses  is  essentially  balanced  along  the  blade 
length.  In  the  moving  cascade  the  profile  losses  decrease  by  ((.5$  under  design 
condi tions . 

By  using  the  graphs  of  cascade  losses,  it  is  possible  to  estimate  the  magnitude 
of  stag*’  efficiency.  Correct  aerodynamic  profiling  of  cascades  of  the  considered  stage 
with  limiting  dimensions  makes  it  possible  to  increase  the  relative  blade  efficiency 
by  approximately  to  •>'/>. 

The  last  stages  of  condensing  turbines  operate  at  low  values  of  Reynolds 
numbers . 

If  in  many  cases,  stages  of  high  and  intermediate  pressure  have  Re  numbers 


Fig.  257.  Outlet  angle  of  flow  at  the 
upper  section  of  a  moving  cascade, 
depending  upon  exhaust  velocity  (0.  = 

=  l6i  )  (MEI  experiments).  Experimental 
points  of  various  types  of  cascades: 

1 )  cascade  of  type  I;  t  =  O.907;  2) 

cascade  II;  T  —  O.908;  5)  cascade  III; 

r  =  0.726;  'I)  cascade  III;  "t  =  0.907; 

5)  cascade  III,  IT  =  1.120. 
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that  are  so  high  that  the  influence  of  this  criterion  may  be  disregarded,  although 
for  last  stages  this  disregard  is  not  permissible.  Investigations  of  cascades  (see 

. _  Chapter  I),  stages  (see  Chapter  IV  and  §  44),  and  theoretical, 

%  l  i 

i  T  calculations  show  that  the  influence  of  the  Re  number  is 

ftr  , - f- 

|  /  perceptible  when  Re  <  3  to  6*lCr.  In  last  stages  the  Re 

i  K0771 a  ! 

1/ — cascade  /  numbers  are  considerably  lower.  Thus,  in  a  last  step  of 

to  -X— r - - 

f  limiting  dimensions  with  pK  =  0.035  bar,  the  Re  numbers  for 

\\Mcving:  ~j  the  rotor  blade  vary  from  1.5*10''  to  2*10^  fet  the  root, 

(  V  cascades 

ki  _ ^  where  w ^  Is  less  and  Re,  correspondingly,  is  lower).  In 

*  small  steam  turbines,  where  both  the  velocities  and  chords 

2  are  less,  the  Re  number  with  the  same  vacuum  can  reach 

Hov.ing  - - - ' 

tfl - L - L — ; — - J  up  to  0.5-10^. 

r*  rcp  rn 

Fir  2r>8  Change  of  ol3Vlous  that  the  investigations  of  these  cascades 

piofiie  losses  in  and  stages  should  be  conducted  at  actual  Re  numbers.  More¬ 

no;  ri.c*  anu  moving  cas- 

(w'i  ‘hout  taking^into  over,  cascade  profiling  in  a  number  of  cases  should  be 

ofC°('nnumbor)nflExper-  Performed  with  their  flow  taken  into  account  at  low  Re 

imental^points^r  numbers.  Unfortunately,  the  investigation  of  the  influence 

l^nd^' — 1  f or^new  low  numbers  on  the  characteristics  of  cascades  is 

pj  o!  '.-j.es.  allotted  little  attention;  this  especially  concerns  cas¬ 
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Hoving 


Fig.  258.  Change  of 
profile  losses  in 
no; r le  and  moving  cas- 
caf-  s  of  last  stages 
(without  taking  into 
account  the  influence 
of  to  number).  Exper¬ 
imental  points: 

*-*-  and  for 

initial  profiles;  - 

A  and  O  —  for  new 
profiles. 


cades  that  operate  at  supersonic  velocities;  this  is  explained  mainly  by  experimental 
difficulties. 

For  last  stages,  the  investigation  of  cascades  at  actual  Re  and  M  numbers  may 
bo  pract ieally  conducted  in  steam  wind  tunnels  with  steam  outlet  into  a  condenser. 

Figure  259  presents  the  results  of  such  an  investigation  for  the  upper  section 
of  the  moving  cascade  of  a  limiting  stage  (see  Fig.  25'l,  form  III)  for  three  values 
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Fig.  259.  Variation  of  profile 
losses  in  the  upper  section  of 
the  moving  cascade  of  a  limiting 
stage  with  expanded  channels, 
depending  upon  lie  and  M  (MET 

experiment:;)  in  a  steam  medium. 


of  Mpt  numbers:  design  Mgt  =  1,72  and  lowered 
M2t  =  -*"5  anfl  =  1,0  a  w^e  range  of 
variation  of  the  Re  number  from  ^•10:>  to  1*10^. 
The  dimensions  of  this  cascade  corresponded  to 
those  of  the  one  investigated  earlier  in  an 
air  wind  tunnel  (b  =  62.2  mm,  tT  =  O.907). 

At  the  design  M?j.  number  of  1.72,  the  cas- 

5 

cade  losses  at  Re  «  8*10  are  small  and  amount  to 
y/>.  These  losses  are  composed  of  the  losses  in 


the  boundary  layer  and  on  the  profile,  which, 
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judging  by  the  magnitude  of  total  losses  and  the  diagram  of  losses  with  respect  to 
pitch,  are  small;  they  are  also  composed  of  edge  losses  and  wave  losses.  The  wave 
losses  at  such  a  large  M  number  are  concentrated  in  the  outlet  part  of  the  slanting 
shear  and  behind  the  cascade. 

A  decrease  of  the  Re  number  somewhat  increased  the  losses  in  the  boundary  layer; 

the  losses  in  the  edge  wake  for  a  wide  range  of  variation  of  Re  number  also  do  not 

c. 

change.  Only  at  very  small  Re  numbers  less  than  2*10,  and  with  a  subsequent  decrease 
of  the  Re  number,  the  losses  noticeably  increase.  The  character  of  the  interaction 
of  shocks  with  the  boundary  layer  depends  on  the  Re  number. 

For  a  smaller,  off -design,  M number,  in  the  slanting  shear  of  a  cascade  there 
are  observed  shock  waves,  in  the  zone  of  which  there  occurs  separation  of  the  boundary 
layer,  and  consequently,  an  increase  of  losses.  For  such  conditions,  a  decrease  of 
the  Re  number,  which  leads  to  less  stability  of  the  boundary  layer,  makes  separation 
of  the  layer  more  probable,  and  this  leads  to  a  growth  of  losses.  This  phenomenon 
had  a  slight  effect  on  the  magnitude  of  losses  at  M 2t  =  1.5,  when  shock  waves  appeared 
in  the  planting  shear,  and  at  the  same  time  it  rendered  an  essential  influence  on 
£m,  with  a  considerable  decrease  in  velocity,  when  a  shock  wave  appeared  in  the  ex¬ 
panded  part  of  the  channel,  near  the  throat. 

These  experiments  showed  that  also  when  M  >  1  the  Re  number  affects  cascade 
losses;  however,  at  low  Re,  supersonic  turbine  cascades  remain  highly  effective  at 
design  M  numbers ;  with  deviations  from  design  velocities,  the  cascade  losses  increase 
considerably  with  the  decrease  of  the  Re  number.  In  this  case,  specially  profiled 
cascades  with  divergent  channels  should  be  employed.  The  difference  in  profile  losses 
at  M2j.  numbers  from  1.5  to  1.7,  which  is  obtained  by  a  comparison  of  convergent  and 
divergent  cascades  in  experiments  with  Re  =  8  to  10*10  ,  will  increase  considerably 
upon  transition  to  Re  2  to  3*10-\  Thus,  if  at  Re  =  8  to  10*10^  the  losses  for  this 
type  of  profile  in  a  divergent  cascade  amount  to  CfjpCUI  =  5-^,  and  in  a  convergent  cas^ 
cade  5jy*  =  12-15$,  then  -*ith  a  3-ty-fold  decrease  of  the  Re  number  the  magnitude  of 
losses  £jjpCUI  remains  approximately  the  same,  while  will  increase  to  18-20$. 

Rxpi'rimontc  in  a  steam  tunnel  for  sufficiently  large  cascade  dimensions  (b  = 

=  62.?  mm,  :L  =•  70  mm,  six  channels)  made  it  possible  to  perform  investigations  at 
high  M  numbers,  keeping  Re  =  const.  The  results  of  these  experinents  for  Re  = 

-  2. 5*10 1  a  const  are  shown  in  Fig.  260. 

Tl  Ls  necessary  to  specially  stipulate  the  procedure  of  the  measurements .  At 
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high  M  numbers  greater  than  2.0,  steam  expansion 
already  occurs  beyond  the  bounds  of  the  slanting 
shear:;  as  the  distance  to  the  plane  of  measurement 
from  the  cascade  increases,  the  static  pressure 
behind  the  cascade  noticeably  changes.  Therefore, 
the  M  number  was  determined  with  respect  to  the 
pressure  in  the  chamber  behind  the  cascade,  and  the 
losses  were  calculated  for  static  and  total  pressures 
at  distance  of  6  mm  from  the  cascade.  In  connection 
with  this,  the  wave  losses  were  mainly  concentrated 
outside  the  zone  of  measurement.  In  accordance  with 
this,  with  the  increase  of  the  M  number  greater  than  1. 8-2.0  (see  curve  on  Fig.  260), 
-the  cascade  losses  do  not  change. 

Inasmuch  as  the  given  cascade  is  the  last  cascade  of  the  turbine,  and  the 
velocity  at  its  outlet  is  greater  than  critical,  the  losses  that  appear  behind  it 
almost  do  not  influence  the  conditions  of  flow  in  the  cascade  itself,  or  the  force, 
created  by  the  steam  on  the  blades ;  The  picture  of  flow  beyond  the  edges  of  the 
last  blades  will  affect  practically  only  the  conditions  of  flow  in  the  outlet  duct 
of  the  machine.  The  influence  of  the  losses  that  arise  directly  behind  the  last 
cascade  on  the  losses  and  pressure  recovery  in  the  outlet  duct  of  condensing  steam 
turbines  is  insignificant. 

From  this  there  follows  the  conclusion  that  the  moving  cascades  of  last  stages 

can  be  quite  effectively  designed  not  only  for  the  design  M  number  (M  >  1),  but 

w2  w2 

can  also  have  small  losses  even  with  an  essential  increase  of  velocity.  In  this 
case  the  upper  sections  of  this  cascade  should  be  designed  for  velocities  somewhat 
lower  than  the  calculated  ones,  which  will  lead  to  expansion  of  the  zone  of  their 
stable  operation. 


Fig.  260.  Influence  of 

on  profile  losses  in  the 
upper  section  of  a  moving 
cascade  at  Re2  =  const; 

Re2  D  is  the  design  num¬ 
ber. 


§  44 .  RESULTS  OF  INVESTIGATION  OF  LAST  STAGE  IN 
EXPERIMENTAL  STEAM  TURBINES 

Cf  we  understand  last  stages  to  bo  stages  with  small  d /\ ,  then  many  combinations 
of  such  stages  were  investigated  in  experimental  turbines.  Some  of  these  experiments 
wore  described  above  in  §  38.  However,  the  results  of  such  investigations,  as  a  rule, 
cannot  bo  unod  and,  all  the  more  so,  they  cannot  be  directly  extended  to  the  last 
stage  of  steam  condensing  turbines.  This  is  caused  by  the  following  factors: 
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1.  The  stage  tests  are  conducted  in  experimental  air  turbines  at  low  subsonic 
velocities,  whereas  the  last  stages  of  steam  turbines  usually  operate  with  high 
supercritical  velocities,  and  only  the  first  stages  of  the  low-pressure  cylinder 

of  a  large  turbine  and  the  last  stages  of  a  small  turbine  are  calculated  for  transonic 
velocities. 

2.  Stage  tests  in  experimental  air  turbines  are  conducted  without  taking  into 
account  the  separate  influence  of  the  M  and  Re  numbers  and,  as  a  rule,  with  Reynolds 
numbers  that  are  considerably  higher  than  in  the  actual  stages  of  steam  turbines, 
where  they  are  usually  lower  than  ReaBT0K. 

3.  The  peculiarities  of  the  behavior  of  steam  moisture  are  not  considered. 

4 .  The  stages  investigated  in  air-driv  turbines  are  usually  experimental 
(made  in  the  laboratory)  with  cylindrical  meridional  contours.  At  the  same  time, 
the  low-pressure  stages  of  steam  turbines  have  an  intricate,  usually  noncylindrical, 
meridional  diaphragm  contour  and  special  technology. 

In  connection  with  this,  a  number  of  laboratories  are  conducting  investigations 
of  last  stages  in  experimental  steam  turbines.  At  present,  we  know  the  results  of 
such  tests  for  single  stages  that  we  conducted  in  the  laboratory  of  the  MEI  Depart¬ 
ment  of  Steam  and  Gas  Turbines  [100].  Several  organizations  investigated  a  group 
of  last  stages.  Although  such  tests  do  not  make  it  possible  to  estimate  the 
peculiarities  of  performance  of  an  individual  stage,  they  are  of  much  interest. 

These  tests  were  conducted  for  model  stages  in  the  KhTGZ  laboratories  and  at  the 
Westinghouse  Company  (United  States),  for  actual  low-pressure  stages  in  a  General 
Electric  experimental  turbine  (United  States);  tests  of  low-pressure  cylinders  of 
permanent  turbines  are  being  conducted  at  electric  power  plants  by  ORGRES. 

Tests  of  a  Series  of  Stages  with  a/l  =  3.7  to  |l_Jl  in  an 
MEI  Experimental  Steam  Turbine 

The  same  MEI  experimental  steam  turbine  was  used  for  testing  four  stages.* 

As  a  result  of  the  experiments  the  relative  internal  efficiency  r)0^  of  the 
stage  was  obtained;  it  was  calculated  for  the  inlet  stagnation  parameters  and  took 
into  account  the  following  losses: 

1)  los.  ’s  in  the  nozzle  cascade,  including  those  at  the  entrance  to  it;  2)  losses 


"See  Chapter  TT.T.  for  testing  procedure.  Experiments  were  conducted  by  engineer 
F.  V.  Kuzin tsov  and  L.  Ye.  Kiselev. 


I 


Stags  ‘lu  Staged  Stage  H*>  Stage  *** 


Fig.  ff-l.  How  areas  of  stages  with  d/l  =  3.7 
to  4.4,  investigation  in  the  MEI  experimental 
steam  turbine.. 


in  'the  moving  cascade,  including 
those  at  the  entrance  to  it;  3) 
losses  with  the  outlet  velocity; 

4)  losses  due  to  friction  of  the 
disk  against  steam,  which  are  very 
small  in  all  experiments  since  the 
steam  density  was  low  (final  pressure 
varied  from  0.12  to  0.035  bar); 

4)  losses  due  to  leakage  into  the 
clearance  over  the  rotor  blade. 

There  were  no  diaphragm  seals 
(diaphragm  was  solid),  the  disk  had 
no  drillings,  and  consequently. 


there  were  no  leakages  in  the  root  clearance  of  the  stage. 


Treatment  of  the  test  results  was  also  conducted  for  the  value  of  efficiency 

* 

qoi  with  the  use  of  the  kinetic  energy  of  the  outlet  velocity 


•loV-  'Ig¬ 


nore  hQ  is  the  available  stage  drop  from  pQ  and  tQ  to  p2;  hBQ  was  calculated  by 
means  of  a  continuity  equation  and  for  the  mean  stage  angle  P2. 

The  flow  areas  of  the  investigated  steps  are  shown  in  Fig.  26l,  and  their 
geometric  characteristics  are  given  in  Table  21. 


Comparison  of  Economy  of  Investigated  Stages 


In  Fig.  202,  for  approximately  identical  performance  characteristics,  e  =  Pq/Pq 

% 

and  Rec  =  b^o^t/v^,  the  dependences  of  relative  internal  efficiency  qoi  on  u/c^ 
are  given  for  all  investigated  stages  with  the  use  of  the  outlet  velocity.  As  can 


be  seen  from  the  curves,  the  highest  efficiency  is  attained  in  stage  No.  3, 


which  is  explained  by  the  following  factors: 


1.  The  stage  has  contemporary,  aerodynamically  developed  cascades  with  optimum 
pitch.  The  profile  losses  are  small  in  this  stage  along  the  entire  optimum  pitch. 
The  profile  losses  are  small  in  this  stage  along  the  entire  height  at  subsonic 
velocities  and  oven  low  supersonic  velocities.  Angle  a^,  which  is  greater  than  in 
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Elade  height  in  as:  | 

nozzle  163  160.2  130.5  124 

moving  176.5  171-8  137  134.: 

Type  of  diaphragm  Cast  Cast  I  Welded  Cast  Cast 
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•*Stage  No.  2a  was  also  tested  with  two  rows  of  wires  3-4  mm  in  diameter 


Lin*  remaining  alamos,  although  it  leads  to  a  eonsdierablc  output  loss,  it  nevertheless 
improves  the  conditions  of  entrance  to  the  moving  cascade,  since  the  latter  operates 

.with  a  smaller  deflection  of  flow. 

2.  The  high  relative  blade  height,  in 
combination  with  large  angles  a^,  and 

led*  to  minimum  end  losses.  The  meridional 
contour  of  the  diaphragm  with  small  conicity 
on  the  periphery  did  not  cause  considerable 
additional  losses,  which  take  place  in  certain 
other  stages. 

3.  Correct  selection  of  the  combination 
and  ratio  of  areas  gave  an  optimum  reaction  for 
stage  No.  3,  while  good  sealing  of  the  peripheral 
clearance  resulted  in  very  little  steam  leakage. 

The  highest  stage  efficiency  with  the  use 
of  the  outlet  velocity  at  optimum  e  and  the 
highest  Re  number,  amounts  to  =  92  to  94$. 

For  such  a  stage,  a  further  increase  of  economy 
is  possible  as  a  result  of  a  more  exact  calculation  of  the  three  dimensional  flow 
and  a  corresponding  change  of  the  profiles  of  the  moving  cascade,  a  better  quality 
of  manufacture,  and  better  sealing  of  the  peripheral  clearance.  It  is  interesting 
to  note  that  the  experiments  in  the  IJ4Z  laboratory  for  the  investigation  of  stage 
No.  21  of  turbine  HBK-200,  which  has  practically  the  same  dimensions  and  is  similar 
with  respect  to  cascade  characteristics,  made  it  possible  to  obtain  an  efficiency 
of  qoi  =  9?  to  94$  [13].  The  LMZ  stages  investigated  in  the  air-driven  turbine 
had  a  better  laboratory  quality  of  manufacture  and  a  cylindrical  meridional  contour. 

Under  the  same  conditions,  stage  No.  4  has  an  efficiency  qoi  1.5  -  3$  lower  in 
spite  of  the  good  selection  of  cascades.  This  is  explained  by  the  smaller  angle  a^, 
the  larger  radial  peripheral  clearance,  and  the  considerable  conicity  (cone  angle 
equals  40°)  of  the  upper  meridional  contour  of  the  diaphragm. 

Stage  No.  2a  has  an  efficiency  t)oi  that  is  approximately  8$  lower  than  stage  No. 3 
this  Lb  explained  mainly  by  the  significant  losses  in  the  nozzle  cascade.  The 
old  stamped  profiles,  even  with  small  nonoptimum  pitch  T,  have  large  profile  losses, 


lines=)  and  efficiency  with  the 
use  of  the  outlet  velocity 

t| 0 1  (dotted  lines)  for  four 

stages,  depending  upon  u/c^. 

For  a  stage  pressure  ratio  of  e  = 

=  0.6  to  0.67;  Re  number  equals 
b^it/v  =  (0.5  to  0.3) -10s  (MEI 

experiments)  (the  numbers  on  the 
curves  refer  to  the  stages  in  Fig. 
261) . 
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13  4  to  'rfi.  On  the  oilier  hand,  even  for  such  long  blades  (l^  «  160  nan)  other 
end  losses  are  perceptible  (including  frictional  losses  on  the  bounding  walls  of 
a  cast  diaphragm). 

Figure  263  present  a  graph  of  the  distribution  of  losses  in  the  nozzle  cascade 
of  stage  No.  2a.  The  diaphragm  was  tested  in  the  same  experimental  turbine  with 

the  rotor  removed .  In  spite  of  the  fact  that  T  =  l/b  = 

=  2.42,  such  a  noticeable  influence  of  end  phenomena  is 
explained,  first,  by  the  high  surface  roughness  of  the 
cast  diaphragm.  Furthermore,  the  influence  of  the  con¬ 
tours  —  cylindrical  at  the  root  and  conical  on  the 
periphery  —  should  be  considered. 

As  can  be  seen  from  Fig.  263,  the  losses  increase  a 
great  deal  particularly  in  the  root  portion  of  an  annular 
cascade  (see  Chapter  VI).  This  all  indicates  that  even 
for  stages  with  long  blades  we  cannut  disregard  the  end. 
phenomena,  which  usually  are  not  considered  when  designing 
these  stages. 

The  cascade  combination  in  stage  No.  2a  is  not  optimum;  even  under  design 
conditions.  In  the  root  sections  the  stage  has  a  severe  negative  reaction  which  will 
be  especially  unfavorably  reflected  in  an  actual  turbine  stage  with  steam  suction 
in  the  root  clearance. 

It  is  interesting  to  note  that  the  stage  calculations  that  were  performed  taking 
Into  account  the  nozzle  opening  and  the  distortion  of  the  meridional  flow  lines 
(see  §  45)  showed  a  very  good  approximation  to  the  experimental  data.  Figure  264 
presents  the  experimental  and  calculated  distribution  of  the  reaction  for  stage 
No.  2a.  It  should  be  noted  that  the  stage  calculation  was  performed  for  constant 
(with  respect  to  height)  velocity  and  flow  rate  coefficients. 

Stage  No.  1  has  an  even  lower  efficiency.  Its  losses  are  of  the  same  order 
as  for  stage  No.  2a,  but  an  incorrect  calculation  of  swirling  (without  taking 
into  account  the  change  of  pressure  along  radius)  caused  large  flare  losses.  It 
should  be  added  to  this  that  in  this  stage  the  profiles  of  the  rotor  blades  are  of 
the  old  type  with  straight  inlet  and  outlet  sections  and  sharp  variations  in  cam¬ 
ber.  r.uch  cascades,  as  Lt  is  known,  not  only  have  large  losses,  but  are  also  very 


Hoot 

Fig.  263.  Graph  of  the 
distribution  of  losses 
with  respect  to  height 
in  the  nozzle  cascade 
of  stage  No.  2a  (MEI 
experiments) . 


* 
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Fig.  2 64.  Experimental  and 
calculated  (dotted  line) 
distribution  of  reaction  in 
stage  No.  2a:  g  =  0.75; 

Re  =  0.8-105. 


sensitive  to  changes  of  the  inlet  angle;  which  is 
bad  for  all  long  blades,  and  all  the  more  so  for 
blades  designed  without  taking  into  account  the 
change  of  the  reaction  with  respect  to  height. 


Influence  of  Operating  Conditions  on 
Stage  Characteristics 


Let  us  consider  the  Influence  of  the  three 


basic  parameters  of  a  stage:  u/c  g,  and  Re. 

The  influence  of  u/c  ^  was  the  usual,-  as 
for  the  other  stages  that  were  tested.  In  all  five 


stages  the  value  of  the  mean  reaction  is  not  especially  great.  In  connection  with 


this,  the  optimum  value  of  the  velocity  ratio  also  is  not  great: 


=  0,5  -0,6. 


As  shown  by  experiments,  the  stage  reaction  in  a  wide  range  of  variation  of 

u/"^  changes  insignificantly.  This  circumstance  is  explained  by  the  fact  that  in 

the  upper  part  of  the  blades  is  close  to  a  right  angle;  therefore,  the  influence 

of  the  redistribution  of  drops  between  cascades  is  not  great,  and  also  the  losses 

due  to  steam  leakage  do  not  change  very  much.  The  influence  of  u/c^  (at  £  “  const) 

on  stage  efficiency  is  determined  mainly  by  two  factors:  the  losses  with  the  outlet 

velocity  and  the  changes  that  occur  in  the  moving  cascade  at  p^  =  var. 

The  influence  of  the  pressure  ratios  in  the  stage,  g  =  p^/p^,  affects  efficiency 

by  the  variation  of  the  M  numbers  which  are  calculated  for  velocities  c^  and  Wg.  For 

* 

stage  No.  2a  with  a  small  reaction,  the  efficiency  rioi  is  determined  mainly  by  the 
losses  in  the  nozzle  cascade.  This  is  graphically  illustrated  in  Fig.  265,  where, 

*  O 

dppending  upon  e  =  P2/Pq>  curves  are  given  for  i]oi  and  9  (<p  is  the  velocity 

coefficient  obtained  on  the  basis  of  the  results  of  static  diaphragm  investigations. 

O 

The  curve  for  9'  was  constructed  depending  g  =  P2/Pq  by  means  of  recalculation  of 
the  stage  reaction.  Inasmuch  as  the  experiments  with  the  diaphragm,  which  are 

p 

represented  here  in  the  form  9  =  f(g),  and  the  experiments  with  the  stage,  were 

conducted  at  different  Re  numbers,  these  curves  can  be  compared  only  qualitatively. 

For  stage  No.  5,  the  curve  of  -  f(g)  has  a  completely  different  character, 
which  is  very  similar  to  the  results  of  experiments  with  cylindrical  blading  and  a 
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similar  nozzle  cascade  (see  Fig.  90).  Inasmuch  as  in  stage  No.  3  both  the  nozzle 
and  the  moving  cascades  are  designed  for  subsonic  velocities,  the  highest  stage 

efficiency  also  corresponds  to  subsonic  conditions 
of  flow  (the  losses  were  especially  increased  at  high 
velocities  and  small  Re). 

All  investigated  stages  were  tested  at  different 
Re  numbers.  The  Reynolds  number  was  changed:  at  a 
constant  e  ratio,  i.e.,  constant  numbers,  by  M  number 
simultaneously  changing  the  initial  and  final  pressure. 

Fig.  265.  Change  of  rela¬ 
tive  internal  efficiency  Final  pressure  was  changed  in  a  number  of  conditions 
with  the  use  of  the  outlet 

velocity  and  the  value  more  than  three  times.  For  stage  Ho.  4,  interesting 
2 

=fp^/p  ^ 6 for^ stage s °Ho £  2a  experiments  were  also  conducted  on  the  influence  of 
and  No.  3  (MEI  experiments),  the  Reynolds  number  for  a  constant  stage  heat  drop  and 
variable  initial  temperature.  As  expected,  the  influence  of  the  Re  number,  which 
was  detected  at  variable  p2  and  variable  t^,  turned  out  to  be  identical.  In 
analyzing  the  results  of  the  experiments,  one  should  consider  that  in  the  experiments 


Fig.  266.  Dependence  of 
relative  Internal  effi¬ 
ciency  witli  the  use  of 
the  outlet  velocity  on 
the  Reynolds  number  for 
stage  No.  2a.  MEI  ex¬ 
periments  with  u/c^  *» 

=0.5  and  e  O.6665. 


with  a  single  stage  there  is  no  turbulence  of  the 
inlet  flow.  Furthermore,  the  relative  roughness  of 
the  channel  walls  in  a  model  is  naturally  greater 
than  in  an  actual  stage. 

Figure  266  shows  a  curve  of  the  dependence  of 

-X- 

maximum  efficiency  (at  e  =  0.65)  on  the  Re  number 
for  stage  No.  2a.  The  influence  of  the  Reynolds  number 
is  especially  perceptible  when  Re  is  less  than  1-1CK. 
This  is  confirmed  by  experiments  with  other  stages  of 
this  series,  and  also  by  the  experiments  considered  in 
§  18. 


The  change  of  efficiency  from  the  Re  number  is  explained  mainly  by  the  influence 
of  this  number  on  the  cascade  losses.  Inasmuch  as  the  dependence  of  losses  (profile 
and  end)  on  l  he  Re  number  is  determined  by  many  geometric  and  performance  parameters, 
then  also  for  different  stages  the  dependence  of  =  f(Pe)  can  be  essentially 
different. 


These  statements  are  distinctly  confirmed  by  the  experiments  with  stage  No.  , 
when  the  influence  of  the  Re  number  was  investigated  for  various  values  of  t.  The 


results  of  these  experiments  are  shown  in  Fig.  267.  As  can  be  seen  from  the  graph, 
the  influence  of  the  Re  number  is  especially  perceptible  under  subsonic  conditions. 

As  the  V.  number  increases,  the  influence 

m  _  _ 

of  Re  decreases,  and  at  minimum  e  it 
is  insignificant.  This  is  confirmed 
by  certain  experiments  with  cascades; 
however,  this  picture  of  the  separate 
influence  of  Re  and  e  is  not  universal. 

ojs  ow  te-t'C'/c,  1x1  the  light  of  these  experiments,  we 

Fig.  267.  Separate  influence  of  Re  and  M  discovered  the  errors  of  a  number  of 
numbers  on  the  efficiency  of  stage  No.  4.  .  . 

MSI  experiments  with  d/l£  =  4.15,  F2/F2  =  researchers,  who  analyzed  the  influence 
=  I.38,  and  u/c^  =  0.5.  of  the  Reynolds  number  at  variable  M 


0.1  OJS 


Fig.  267.  Separate  influence  of  Re  and  M 
numbers  on  the  efficiency  of  stage  No.  4. 
MEI  experiments  with  d/l2  =  4.15,  Fg/Fg  = 

=  I.38,  and  u/cj,  =  0.5. 


numbers,  ar.d  sometimes  even  with  only  the  M  numbers  taken  into  account. 

Simultaneously  with  the  determination  of  stage  economy,  the  stage  reaction 

in  root  and  peripheral  sections  and  the  steam  flow  were  measured. 

Figure  268  represents  the  dependence  of  the  mean  reaction  of  stage  No.  2a  on 

on  u/c  .  and  s.  After  examining  it,  we  can  easily  see  that,  as  usual,  with  the 
<T 

increase  of  u/c^,  and  the  decrease  of  e  =  Pg/pQ,  the  reaction  increase. 

However,  as  was  noted  above  (on  p.  1138) ,  the  influence  of  u/c  ^  on  the  reaction 
p  is  less  than  in  stages  with  large  d/l  ratios. 

The  influence  of  Reynolds  number  on  the  stage  reaction  is  analogous  to  stages 
with  large  d/l  and  is  determined  by  the  dependence  of  the  flow  rate  coefficients 
on  the  Re  number. 

As  the  Reynolds  number  of  the  stage  decrease,  the  reaction  increases;  this  is 
confirmed  by  experiments,  the  results  of  which  are  shown  in  Fig.  269.  It  should, 

however,  be  pointed  out  that  in  certain  stages  the 

?<(f - - 

1 

0%1  _ rA-, . —  difference  in  Re  numbers  for  nozzle  and  moving 

0  —— cascades  can  be  small,  and  in  this  case  a  decisive 

•Q  f  - *  — 

'  oj  gv  o.s  O.f  v/cf  value  can  be  obtained  by  such  factors  as  the  non- 


'  o,j  0,1  o.s  o.f  u/cf  value  can  be  obtained  by  such  factors  as  the  noi 
Fig.  268.  Change  of  mean 
reaction  depending  upon  e  and  uniformity  of  flow  at  the  inlet  and  roughness  of 
u/c  (i  for  stage  Mo.  2a  at 

»  1  „  ritt  channel  walls.  Furthermore,  each  cascade  can 

Re  --  const  (MEI  experiments ) . 

Cu,wvf:  e  be  in  a  mode  of  continuous  flow  or  can  be  stream- 

=  0.67;  3)  e  =  O.73. 

lined  with  separation;  In  this  case  the  influence  of  the  Re  number  is  different. 


Therefore,  it  la  possible  that  in  certain  cases  a  decrease  of  the  Reynolds  number 
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may  not  lead  to  an  increase  of  the  reaction,  but  just  the  opposite,  i.e.,  a  decrease 
of  it. 

The  dependences  of  the  relative  steam  flow  rate,  pq  =  PJpu/G^t,  on  u/c  and 
e  are  analogous  to  those  obtained  for  other  stages  (see  §  20).  The  flow  rate 


Fig.,  269.  Change  of  reaction 
at  the  periphery  pn  and  at 

the  root  pJ£  of  stage  No.  t 

depending  on  Re^  for  u/c^  = 

=0.5  and  e  =  const. 


coefficient  of  the  nozzle  cascade  only  (even  with 
plant  manufacture  of  the  diaphragm),  both  in 
experiments  with  a  separate  diaphragm,  and  also 
in  experiments  in  an  experimental  turbine,  amounts 
to  ^  =  0.97-0. 99  (with  an  accuracy  of  the  deter¬ 
mination  of  area).  The  flow  rate  was  measured 
in  all  experiments  by  means  of  weighing  the  con¬ 
densed  steam. 

The  flow  rate  coefficient  p^  of  the  nozzle 
cascade  of  stage  No.  2a,  which  has  a  cast  diaphragm 
and  stamped  blades,  is  shown  in  Fig.  270, 

The  experiments  conducted  with  stages  of  this 
series  showed  that  for  long  blades,  during  discharge 
of  superheated  steam,  with  a  large  degree  of 
accuracy  we  may  assume  that  p^  »  0.975. 


Fig.  270.  Flow  rate  coefficient  of 

nozzle  cascade  (cast  diaphragm  with 
stamped  blades)  of  stage  No.  2a. 


Investigation  of  a  Stage  with  the  Ratio  d/l  =  2.75 
In  the  same  MEI  experimental  turbine,  F.  V.  Kazintsev  investigated  a  model 
(in  a  scale  of  3:5.6)  of  the  last  stage  of  a  large  turbine.  The  basic  stage  char- 
aeertislics:  L a  =•-  207  mm,  i1/bCp  =  3M5,  ^  =  18°,  =  212.5  nun,  ^2  =  ?5°  to 

?>l°,  and  I'g/Kj  =-•  1.68.  Nozzle  blades  were  stamped  from  a  sheet  of  constant  thickness 
with  a  small  increase  of  angle  3(j,  from  root  to  periphery.  The  moving  cascade 
was  designed  according  to  a  simplified  equation  of  radial  equilibrium. 

The  influence  of  e  and  u/c^  on  the  efficiency  of  the  stage  is  the  same  as  for 
stage  No.  2a j  maximum  efficiency  is  attained  at  e  =»  0,52.  The  influence  of  Re  on 
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the  efficiency  of  the  stage  is  shown  in  Fig.  271. 


0“  much  interest  is  the  dependence  of  the  reaction  on  u/c^,  which  is  shown 
in  Fig.  272.  If,  for  the  root  section,  the  reaction  pK  grows  with  the  increase 


Fig.  271.  Influence  of  Reynolds  number  and  moisture 
on  the  efficiency  of  a  stage  with  d/i  =  2.75  (MEI  c- 
experiments)  at  e  =  0.49  to  O.65  (^eci)max  =  1.2*10  . 


of  u/Cjj),  then  for  the 
peripheral  section,  con¬ 
versely,  it  decreases. 

This  is  explained  by  the 
fact  that  when  ->  90°, 
a  growth  of  u/c  ^  leads 
to  an  increase  of  w^.  As 
a  result,  the  mean  reaction 
of  the  stage  almost  does 
not  depend  on  u/c  ^  and 


is  equal  to  p  =  0.26-0.24.  The  difference  of  the  reaction  at  the  periphery  and 
Cp 

< root,  /_,[(,  was  noticeably  less  than  according  to  the  plant  calculation.  This  may 


Le  explained  by  a  number  of  factors:  by  disregarding  the  inclination  of  the  meridional 


Fig.  272.  Influence  of 
u/c ^  on  the  reaction  of 

a  stage  with  d \/l  «  2.75 
(MBI  experiments)  at  r  = 

-  0.'/  and  -  5.2-101'. 


contour  (angle  of  opening  26°),  by  leakage  over  the 
blades  (blade  not  shrouded,  radial  clearance  5  mm), 
and  by  a  high  reaction  at  the  root.  For  investigated 
conditions  it  may  be  assumed  that  in  the  root  zone 
of  the  nozzle  cascade  there  is  a  separation  of  flow, 
when  measurements  usually  shov;  a  raised  static 
pressure.  According  to  experiments,  the  reaction 
at  the  root  was  approximately  equal  to  zero,  whereas 
in  a  detailed  calculation  it  should  be  negative. 

The  influence  of  moisture  is  Illustrated  in 
Fig.  271.  If  the  beginning  of  the  process  of  steam 
expansion  is  above  the  saturation  line,  the  efficiency 
of  the  stage  does  not  change,  even  when  almost  the 
whole  process  of  expansion  occurs  in  moist  steam. 

This  may  be  explained  by  the  fact  that  the  process 
of  condensation  doe&  not  occur  in  this  stage.  If, 
however,  the  beginning  of  the  process  is  in  a  region 


of  moist  sfeim.  the  efficiency  essentially  drops,  whereby  its  lowering  is  approxi- 


malcl,'.  proportional  to  1  he  final  moisture  Xoj  (see  Chapter  X) . 


Influence  of  Certain  Design  Factors  on  Stage  Economy 

In  tests  of  a  scries  of  stages  with  d /l  «  -4  the  influence  of  various  design 
factors  was  investigated-.  Thus,  for  instance,  stage  No.  4  was  tested  with  two 
diaphragms  that  were  manufactured  according  to  the  same  drawings.  One  of  diaphragms 
had  a  somewhat  increased  (as  compared  to  the  drawing)  lower  overlap  and  the  upper 
overlap  was  increased  5-5  ram-  Thus,  the  height  of  a  nozzle  blade,  instead  of  124 
mm,  was  equal  to  118.6  mm,  and  the  mean  angle  ^  was  decreased  by  1°10'.. 

Consequently,  the  area  of  the  nozzle  cascade  turned  out  to  be  almost  10jS  less 
than  that  calculated.  The  other  diaphragm  had  a  somewhat  better  quality  of  blade 
filling,  but,  due  to  metal  shrinkage  around  the  diaphragm  contour,  almost  half  of 
the  blades  had  thickened  trailing  edges.  In  the  first  diaphragm,  almost  near  every 
blade  there  we re  metal  shrinkage  cavities. 

Therefore,  the  difference  in  the  economy  of  a  stage  with  two  diaphragms  can 
be  attributed  mainly  to  the  change  of  area  and  increased  overlaps. 

Under  the  same  conditions  of  flow  the  lowering  of  efficiency  Aq0;j/T]0i,  which 
was  obtained  with  the  first  diaphragm,  amounted  to  4-6$. 

Stage  No.  4  was  investigated  in  an  MEI  experimental  turbine  with  two  alternate 
arrangements  of  the  inner  contour  of  the  duct.  With  the  location  of  the  duct  close 


to  the  blades,  the  efficiency  of  the  stage  decreased  by 


An 


oi 


=  4  to 


Uoi 

Stage  No.  2a  was  investigated  with  two  overlaps.  The  overlap  was  changed  by 
varying  the  height  of  the  rotor  blade.  An  increase  of  blade  length  from  168.8  to 
171.8  mm,  and  an  increase  of  the  external  overlap  from  5  to  16  mm,  lowered  the 
efficiency  of  the  stage  (with  the  use  of  the  outlet  velocity)  by  2$.  Stage  No.  2b 
differs  from  stage  No.  2a  by  its  diaphragm:  the  stamped  nozzle  blades  were  replaced 
by  contemporary  milled  ones.  The  efficiency  of  the  stage  was  then  increased  by  4 
to  6'/o. 


Investigation  of  a  Group  of  Stages 

Prom  the  number  of  experimental  turbines  intended  for  the  investigation  of  a 
group  of  stages  in  [63 ]  we  shall  consider  the  KhTGZ  multistage  experimental  turbine. 
The  experimental  turbine  of  the  GE  Company  (United  States)  [1?6]  makes  it  possible 
to  perform  such  investigations  with  actual  dimensions  and  parameters  of  the  low- 
pressure  portion  of  turbines  of  practically  any  capacity.  The  turbine  has  two 
wafer  brakes,  a  maximum  power  of  l‘j  thousand  kilowatts,  and  each  one  has  a  speed 


-445- 


l'rom  ttfOO  to  !IOOO  rpm.  Tne  maximum  steam  flow  rate  is  133  t/hr.  From  a  small 
number  of  published  results  of  measurements  [136],  two  graphs  are  of  interest. 

Figure  273  shows  the  measurement  of  the  deflection  of  flow  in  a  radial 
direction  behind  the  moving  cascade  of  the  next-to-the-last  stage  of  a  turbine. 

The  velocity  is  directed  downwards  only  in  the 
lower  part  (the  largest  measured  angle  is  6°), 
the  velocity  on  the  mid-radius  is  directed 
upwards  at  an  angle  of  27°,  and  at  an  angle 
of  more  than  42°  at  the  top. 

These  experiments  show  that  even  v/ith  a 
moderate  inclination  of  the  external  meridional 
contour  for  the  last  stages  of  steam  turbines 
it  is  impossible  to  assume  that  the  flow 
surfaces  are  cylindrical  in  a  calculation. 

This  (see  §  44),  first  of  all,  leads  to  an 
oversized  discharge  capacity  of  the  stage.  If 
we  assume  in  Fig.  273  that  the  weighted  mean 
angle  of  the  radial  direction  of  velocity  is 
30°,  then  the  discharge  capacity  of  the  moving 
cascade  will  be  15$  lower. 


velocity  with  respect  to  height 
behind  the  next-to-the-last  stage 
of  a  group  of  low-pressure  stages 
(GE  experiments). 


Figure  274  shows  the  influence  of  steam  moisture  on  the  economy  of  a  group  of 
stages.  An  increase  of  the  initial  moisture  by  10$  leads  to  a  lowering  in  efficiency 


the  economy  of  a  group  of  last 
stages;  ( tl0 i ) nu  is  calcuT-ate<J 

efficiency  for  superheated  steam; 
along  the  axis  of  abscissas  —  state 
of  steam  In  front  of  stage  (Ge 
experiments) . 


of  the  section  by  10$  (relatively). 

When  comparing  the  Influence  of 
moisture  according  to  the  GE  and  MEI 
experiments,  one  should  pay  attention  to 
the  different  conditions  of  entry  to  the 
stage.  In  the  GE  experiments,  which  were 
conducted  in  a  multistage  turbine,  the 
average  moisture  at  the  entrance  to  the 
stage,  undoubtedly,  did  not  correspond 
to  the  moisture  for  the  entire  height.  In 
[136],  neither  e,  nor  Xg  is  indicated  for 
these  experiments.  In  these  experiments 
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the  stagnation  temperature  behind  the  stage  in  the  root  and  peripheral  zone  was  35°C 
higher  than  in  the  middle  of  the  stage.  This  indicates  large  end  losses  that 
accumulated  in  the  three  preceding  stages.  If  we  judge  these  losses  with  respect 
to  stagnation  temperature,  the  zone  of  end  losses  covers  30£  of  the  height  at  the 
root,  and  12 £  at  the  periphery. 

In  an  experimental  turbine  of  the  Westinghouse  Company  (United  States)  [148]  a 
group  of  last  stages  was  tested  in  a  scale,  of  1:2,  and  three  low-pressure  stages  of 

a  100  thousand -kilowatt 
turbine  were  tested  at  3600 
rpm.  In  a  model,  the  speed 
was  n  =  8280  rpm  and  the 
maximum  power  was  11  thousand 
kilowatts.  From  the  data 
given  in  the  article  [148], 
interest  is  aroused  by  the 
change  of  the  flow  rate  com¬ 
ponents  and  outlet  angle  with 
respect  to  height  behind  the 
last  stage  (Figs.  275  and 
276).  In  the  first  conven¬ 
tional  version  of  blading,  in  the  lower  third  of  the  blade  height  the  flow  rate  is 
less  than  that  calculated.  Thus,  in  a  section  at  a  distance  of  0.21  from  the  root, 
it  is  2.5  times  less  than  that  calculated.  But  then,  the  flow  rate  at  the  top 
exceeds  the  calculated  value  by  more  than  60$.  The  outlet  angle  of  flow  also 
deviates  considerably  from  the  calculated  value. 

In  some  sections  this  deviation  amounts  to  20°,  In  our  opinion,  the  non- 
coincidence  of  the  flow  rate  and  vector  characteristics  of  the  blading  is  explained 
by  the  very  large  relative  pitch  in  the  upper  part  of  the  blades,  where  the  cascade 
is  "translucent."  For  these  sections,  neither  by  means  of  calculation,  nor  by 
static  investigations,  it  is  almost  impossible  to  sufficiently  exactly  find  the 
minimum  section  and  the  parameters  of  flow  in  it.  In  a  cascade  with  a  modified 
profile,  in  the  first  place,  due  to  the  increase  of  chord  at  the  top,  it  turned  out 
to  be  possible  to  more  exactly  calculate  the  steam  flow  rate  with  respect  to  height 
and  the  angle  of  flow.  The  new  blading  has  small  deviations  in  the  flow  rate  and 
the  out 
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Fig.  275-  Comparison 
(data  of  Westinghouse 
experiments  with  calcu¬ 
lation)  of  flow  rate  com¬ 
ponents  with  respect  to 
height  behind  a  last 

stage.  Curves:  - 

ordinary  blading;  - 

improved  blading. 
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Fig.  276.  Deviation  of 
outlet  angle  of  flow  be¬ 
hind  a  last  stage  (West¬ 
inghouse  experiments  from 
calculation) .  Curves : 

- -  —  (dotted  line)  — 

ordinary  blading;  - 

(solid)  —  improved  blad¬ 
ing. 
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the  outlet  angle  from  the  values  taken  in  the  calculation.  Simultaneously  with 
the  impr  'ement  of  rotor  blades,  the  firm  also  midified  the  nozzle  blades.  With 
the  transition  to  more  favorable  nozzle  profiles,  the  efficiency  of  the  last  two 
stages  v/as  increased  by  a  total  of  2.5-5#  (depending  upon  the  flow  rate  through 
the  stages).  At  the  same  time,  the  transition  to  new  blading  for  the  nozzle  and 
moving  cascades  increased  the  efficiency  of  the  last  two  stages  at  the  design  steam 
flow  rate  by  17.5#-  It  Is  doubtful  whether  such  an  increase  (15#)  in  stage  economy 
could  be  attained  by  decreasing  the  losses  in  the  moving  cascade.  Undoubtedly, 
this  improvement  in  efficiency  is  mainly  connected  with  the  correct  calculation 
of  three-dimensional  flow,  which  is  possible,  in  particular,  only  after  a  sufficiently 
accurate  determination  of  the  flow  rate  characteristics  of  separate  sections. 

§  45.  METHOD  FOR  CALCULATION'  OF  THE  LAST  STAGES 
OF  CONDENSING  TURBINES 

The  complete  calculation  of  the  three-dimensional  flow  of  steam  in  the  last 
r*  ige  of  a  turbine  is  very  complicated  and  tedious,  and  it  usually  requires  a 
knowledge  of  certain  characteristics  which  the  calculator  does  not  have  at  his 
disposal  when  designing  a  new  stage.  Therefore,  it  is  natural  that  in  most  cases 
it  is  limited  to  a  simplified  calculation.  Moreover,  it  is  frequently  possible 
t'o  simplify  the  fundamental  equations  of  flow  without  a  noticeable  error  in  the 
final  results.  At  the  same  time,  we  cannot  disregard  such  factors  as  the  change 
(with  respect  to  radius)  of  the  velocity  and  flow  rate  coefficients,  and  we  also 
cannot  extend  the  formulas  derived  on  the  basis  of  equations  of  an  ideal  gas  to 
moist  steam. 

Here  we  shall  consider  the  procedure  for  calculating  last  stages  by  the  method 
of  successive  approximation. 

During  I  he  calculation,  in  each  specific  ease  we  must  decide  the  approximations 
to  which  we  should  be  limited.  This  decision  will  depend  on  the  purpose  of  the 
calculation,  the  time  which  can  be  spent  for  the  calculation,  and  a  knowledge  of 
a  number  of  auxiliary  quantities  which  are  needed  r or  a  more  exact  solution. 

Although  the  errors  obtained  when  using  simplifying  assumptions  essentially 
depend  on  the  specific  problem,  the  numerical  example  given  in  this  paragraph  should 
be  of  assistance  in  this  estimation. 

In  the  numerical  example  we  shall  consider  the  limiting  stage  of  a  large  steam 
turbine.  The  calculation  of  all  remaining  stages,  i.e.,  the  preceding  stages  of  such 
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a  turbine  of  the  last  stages  of  smaller  turbines,  and  the  stages  of  gas  turbines 
in  particular,  as  a  rule,  will  be  simpler. 

The  calculation  of  stages  with  small  d/l  can  be  performed  by  originating  from 
the  middle,  as  well  as  the  root  sections.  The  calculation  that  begins  from  the  root 
section  usually  is  less  exact  than  the  calculation  from  the  middle,  since  the 
calculation  errors  increase  from  blade  root  to  tip  and  a  noticeable  error  can 
appear  in  the  integral  characteristics  of  a  stage  and  especially  in  the  steam 
(gas)  flow  through  a  stage.  However,  this  method  of  calculation  is  convenient  in 
a  number  of  cases  and,  in  particular,  when  model  stages  are  used,  where  we 
applied  it  (see  §  k9) . 

For  such  individual  stages  as  the  last  stages  of  condensing  turbines  (where 
for  several  reasons  —  the  difference  in  velocities,  the  specific  requirements 
of  reliability,  the  individual  shape  of  the  meridional  contour,  etc.  —  model 
stages  are  rarely  applied),  it  is  usually  more  expedient  to  begin  the  calculation 
from  the  middle,  which  provides  sufficiently  accurate  integral  stage  characteristics 
even  with  rough  assumptions. 

The  initial  data  for  the  calculations  are: 

1.  Diameter  d^,  m,  and  height  i^,  m,  of  nozzle  cascade  (in  outlet  section). 

2.  Diameter  dg,  m,  and  height  l2,  m,  of  moving  cascade  (in  outlet  section.).  5. 
Rotor  speed  n,  rpm.  1|.  Steam  flow  rate  G,  kg/sec.  5.  Parameters  of  steam  before 
stage,  pQ,  bar,  t0°C  (dryness  xQ  or  enthalpy  iQ,  kj/kg),  and  velocity  vector  cr,, 
m/sec.  All  these  parameters  can  be  variable  with  respect  to  radius  at  the  entrance 
to  a  stage.*  6.  Final  pressure  behind  stage  p2,  bar.  Usually  p2  is  given  for  the 

mid -radius.  7.  Meridional  contour  of  stage,  and  consequently,  cascades  diameters 

iiii 

and  heights  at  the  entrance,  which  are  denoted  by  a  prime,  d^,  l^,  dg,  lg.  o. 

Other  design  elements  of  a  stage:  clearances,  dimensions,  and  location  of  connecting 
and  damping  wires,  and  so  forth. 

I.  Stage  Calculation  for  Mid-Section 

This  part  of  the  calculation  does  not  differ  from  the  simplified  calculation 
which  is  conducted  for  all  turbine  stages. 

*The  above -considered  (see  p.  Wl  )  results  of  experiments  in  a  multistage  turbine 
clearly  show  how  necessary  it  is  to  introduce  variable  inlet  parameters  into  the 
stage  calculation. 


1.  The  parameters  of  the  stagnated  flow  before  the  stage  (for  mid-diameter 
d,, )  are  calculated  and  the  total  available  heat  drop  of  the  stage  is  determined 
from  the  stagnation  parameters  (XQ,  pQ): 

A,  =  /«  —  /,/•  (265) 

2.  The  reaction  on  the  mid-diameter  of  the  stage  is  given. 

In  first  approximation,  pCD  is  selected  so  as  to  ensure  a  small  positive 
reaction  at  the  root,  i.e.,  by  means  of  the  following  approximate  formula: 


1.8 -Mt//,  ’ 

[cp  =  mn  =  mean] 


(266) 


(this  reaction  pertains  to  the  total  available  heat  drop  hQ). 

5.  The  available  heat  drop  of  the  nozzle  cascade,  the  pressure  behind  the  nozzle 
cascade  p^  CT),  the  quantity  e  =  P-j/Pq,  and  the  angle  of  direction  of  flow  are 
determined: 


.sin  a,  —  fo'i — 


(267) 


Here  ^  is  selected  to  Chapters  I  and  X. 

li.  If  <  e*,  then  in  a  nozzle  cascade  with  convergent  channels  (on  the 
mid-radius)  there  takes  place  a  deflection  of  flow  in  the  slanting  shear. 

Then  the  effective  angle  should  be  found  by  the  following  formula: 


( «•  V/,c  1 

/  *  +  >  (. 

K-t) 

\—)  l 

—  tl  / 

(263) 


or  by  means  of  Fig.  277. 

If  the  flow  process  terminates  in  a  region  of  moist  steam,  the  use  of  formula 
(263)  or  the  graph  in  Fig.  277  gives  a  certain  error.  In  this  case  it  is  better  to 
use  the  following  formula: 


■*Dj>  _  _  _t\_  _  _Of_ 

id,  1  i„  '  r.  ’ 


(268a) 


where  vy  and  cx  pertain  to  the  critical  (minimum)  section. 

Knowing  the  velocity  coefficients,  which  In  first  approximation  may  be 
assumed  to  lie  <p  =  0.96  and  i>  =  0.93 >  we  construct  velocity  triangles  with  them. 


The  angle  of  direction  of  flow  at  the  moving  cascade  outlet  is  found  by  the 
following  formula: 


«  n  Gr-; 

an  p.  =  — -—!■ - 

r-  nrf./.u;:rlr 


(269) 


[here  u2  is  selected  on  the  basis  of  the  data  in  §  9  or  (more  correctly)  by  means 
of  formula  (56a).]. 

6,  Somewhat  like  we  did  for  the  nozzle  cascade,  we  find  e  =  Pg/p^  ^or  the 
moving  cascade  and  for  e2  <  e*,  by  formula  (268)  or  Fig.  277,  we  determine 
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Fig.  277.  Calculation  of  the 
deflection  of  flow  in  the 
slanting  shear  of  a  cascade 
(for  superheated  steam  at  k  = 
=  1.3  and  dry  saturated  steam 
at  k  =  i.13'5), 

slnfa,  + 

fit  — *  ■  ■  '  "  . 

sina! 


sinpg* 

/n  = - - - 

*  smp, 

7.  For  the  performed  calculation  we  find, 
by  usual  means,  the  efficiency  the 

additional  losses,  including  losses  due  to 
moisture  (see  Chapter  X),  and  efficiency  qoi. 

II.  Stage  Calculation  for 
Three  Sections 

The  calculation  for  the  mid-section  is 
not  only  a  rough  estimate,  but  it  does  not  make 
it  possible  to  form  the  stage,  since  this  requires 
a  knowledge  of  at  least  the  change  along  the 
radius  of  angles  a^,  and  P2>  At  first  this 
may  be  done  after  constructing  velocity  triangles 
not  only  for  the  middle,  but  for  two  more  sections, 
i.e.,  the  root  and  peripheral  sections,  using  the 
equation  of  radial  equilibrium  in  the  clearance. 

For  this  calculation  it  is  necessary  to  select  a 
law  of  twisting  for  the  nozzle  cascade. 


1.  The  law  of  twisting  for  the  nozzle  cascade  is  usually  given  by  one  of 
three  functions: 

a)  the  dependence  of  angle  (or  g^)  on  the  radius; 

b)  the  dependence  of  the  tangential  velocity  component  c^  (or  c^u); 

c)  the  dependence  of  the  axial  velocity  component  c^a  (or  c.jta)  on  the  radius. 

2.  I3y  the  formulas  in  Chapter  VII  for  any  of  these  functions  we  can  find  the 


I 


change  of  the  reaction  with  respect  to  the  radius: 

For  the  calculation  it  is  more  convenient  to  give  the  change  of  the  angle 
with  respect  to  the  radius,  =  a(r). 

Then  we  will  have  approximately: 


(270) 


Assuming  that  q>  =  o(r),  we  determine  the.  values  of  c^  and  p  for  the  root  and 
peripheral  sections,  and  we  find  the  pressure  p^,  angle  0^,  and  velocity  v^. 

For  <?  =  ‘Pep11  const  and  a ^  =  aiCD  =  const, 

culcu',  = 


2.  In  all  cases  the  angle  0g  for  the  moving  cascade  in  the  root  and  peripheral 
sections  is  found  by  means  of  continuity  equations: 
for  the  root  section 

»i«Pnc  ___  W|g  ^  VjlK  t  —  /))/|  # 

sinp,«  ‘  o,tK '  (d,  -  /,)  /,  *  (271) 


for  the  peripheral  section 

«n  Pm  _  W|«  V}(n  (dt  +  h)li  . 

sinPi*  Wti„  v,fn  ~(dt  -j-  /,)  /j  ’  (271a) 

in  these  formulas  the  specific  volumes  correspond  to  each  section. 

It  is  necessary  to  analyze  the  obtained  results.  In  the  first  place  one 

should  pay  attention  to  the  reaction  in  the  root  section.  It  Is  very  undersirable 

that  p  be  negative.  Therefore,  if  it  turns  out  that  p  <  0,  one  should  return  to 
K  K 

the  first  calculation  and  select  another,  larger  value  of  the  mean  reaction  of  the 
stage. 

With  an  increase  of  the  reaction  in  the  root  section  by  ApK  ,  one  should  increase 
the  reaction  on  the  mid-section  by  approximately  the  following  quantity: 


O 


(/  , -Z'pcoj'di  ,  I  • 

1  T-3-)  =5=^(1 -r— ) 


-1,8 


(272) 


It  should  be  pointed  out  that  an  increase  of  the  root  reaction  due  to  a  corres¬ 
ponding  increase  of  the  reaction  on  the  periphery,  and  consequently,  due  to  an 
increase  of  leakage  on  the  periphery,  is  insignificant  for  stages  with  small  d/l. 

For  rkages  with  small  d/7,  (d/l  <  2)  the  reaction  on  the  periphery  depends  very 
little  on  the  root  reaction. 

Thus,  for  instance,  for  a  stage  with  =  const,  the  value  of  p  ,  upon 
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i.e.,  if  at  pK  =0  we  obtain  pn  =  0.76,  when  pK  =  0.1  (i.e.,  when  Ap H  =  0.1) 
we  will  obtain  pn  =  0.784.  However,  for  large  or  even  moderate  values  of  0  the 
change  of  the  root  reaction  already  has  a  noticeable  effect  on  pn<  Thus,  for 
instance,  when  0  =  10  and  2<p  cos  =1.8,  we  correspondingly  obtain:  when  p  K  = 

=  0  on  the  periphery,  pn  =  0.309,  and  when  pK  =0.1  on  the  periphery,  p  n  = 

=  0.375- 

5-  After  the  final  calculation  of  the  three  sections,  one  should  give  special 
attention  to  the  angle  of  direction  of  the  absolute  outlet  velocity,  i.e.,  angle 

a2* 

If  the  last  stage  of  the  turbine  is  not  being  calculated,  the  value  of  angle 
a2  is  not  decisive,  since  it  is  assumed  that  the  ilow  area  of  the  turbine  is  designed 
in  such  a  way  that  all  the  kinetic  energy  of  the  outlet  velocity  can  be  used.  This, 
of  course,  requires  that  the  nozzle  cascade  of  the  following  stage  be  profiled  in 
accordance  with  angle  a^. 

If  conventional  nozzle  cascades  are  employed  in  the  following  stage  (designed 
for  an  inlet  angle  aQ  «  90°),  then  one  should  try  to  make  a2  "  90°.  Deviation  of 
a2  from  a  right  angle  within  the  limits  of  +(15  to  20°)  is  practically  permissible. 

The  direction  of  the  outlet  velocity  is  very  important  for  the  last  stage, 
where  the  quantity 


is  not  only  the  main  loss  for  the  given  stage,  but  it  determines  the  economy  of 
the.  whole  turbine  to  a  large  extent. 

If  the  last  stage  is  not  a  limited  one,  i.e.,  the  dimensions  of  the  last  rotor 
blade  (l?  and  d?)  can  be  Increased,  and  the  outlet  velocities  in  the  stage  are 
subsonic,  the  minimum  value  of  c2  will  appear  when  o2  =  90°  +  Pg  (see  p.100  ). 

For  a  limited  stage,  i.e.,  a  stage  with  a  maximum  permissible  annular  area. 


* 


r 


Ffl  =  ndplgj  if  the  angle  noticeably  differs  from  90,  the  losses  with  the  outlet 
velocity  increase  at  the  given  value  of  F  :  recovery  in  the  contemporary  outlet 

a 

ducts  of  large  steam  turbines  is  very  difficult,  and  sometimes  it  is  even  impossible. 
Therefore,  for  these  stages  one  should  try  to  make  Og  come  as  close  as  possible  to 
90°.  Practically  the  only  method  is  to  change  the  drop  in  the  stage,  i.e.,  change 
u/c^.  Selection  of  the  stage  drop  is  considered  in  the  following  paragraph. 

6.  After  calculating  the  three  sections,  it  is  possible  to  select  the  profiles 
of  the  nozzle  and  moving  cascades  of  the  stage  in  these  sections.  For  this  we  must 
know  the  inlet  and  outlet  angles,  and  also  the  flow  rates. 

The  profiles  should  be  selected  with  reliability  and  technology  of  manufacture 
taken  into  account.  By  having  cascades  only  for  these  three  sections,  and  selecting 
intermediate  sections,  it  is  possible  to  form  a  stage,  which  will  approximately 
correspond  to  the  boundary  conditions  and  will  be  satisfactory  from  the  point  of 
view  of  economy.  When  forming  cascades  and  changing  profiles  v/ith  respect  to  the 
radius,  it  is  necessary  to  use  the  conclusions  made  in  §  42.  If  the  stage  does 
not  have  limiting  small  values  of  d/l ,  is  calculated  for  subsonic  velocities  in  all 
sections,  and  has  a  cylindrical  meridional  contour,  then  even  this  roughly  approximate 
method  of  designing  gives  fully  satisfactory  results. 

III.  Detailed  Stage  Calculation  by  Means  of  the 
Simplified  Equation  of  Radial  Equilibrium 
in  a  Clearance 

For  this  part  of  the  approximate  calculation  we  shall  use  the  simplified 


equation  of  radial  equilibrium  in  a  clearance: 

dp,  _  1 

dr  r  w,  ' 


(274) 


Wi th  the  help  of  this  equation  we  can  determine  all  the  characteristics  of 
flow  in  each  section  (if  the  laws  of  variation  with  respect  to  the  radius  of  one 
of  three  quantities  are  given  a1,  clu,  or  c1&)  either  by  means  of  integral 
equations  (see  $  J6)  or  by  changing  from  one  elementary  stream  to  an  adjacent  one 
by  the  following  formuLa  (see  Chapter  VII): 


spl=,±5i.^r, 
AAo,  =4LAr> 


(275) 

(275a) 


The  analytic  method  requires  less  time,  but  it  is  not  always  possible  equation 
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(?74)  is  not  Integrated  Tor  all  laws  of  variation  of  the  angle  or  c^.  in  a  number 
of  cases  this  method  gives  an  error  when  using  the  equations  for  an  ideal  gas  (for 
stages  that  operate  in  a  region  of  moist  steam),  and  it  does  not  make  it  possible 
to  perform  the  calculation  for  an  arbitrary  law  of  variation  of  the  velocity 
coefficient  q>  =  q>(r). 

1.  The  law  of  twisting  of  the  nozzle  cascade  is  selected:  either  =  f(r), 
or  clu  =  f’(r)  or  cia  =  f”(r)‘ 

2.  The  law  of  variation  of  the  velocity  coefficient,  <p  =  ?(r),  is  selected. 

It  is  better  that  this  law  be  be  .ed  on  the  results  of  specific  investigations  of 
various  sections  for  given  M  and  Re.  If  it  is  possible  to  get  at  least  approximate 
geometric  characteristics  of  the  cascades  for  the  three  sections  from  the  second 
calculation,  then,  using  the  data  in  Chapter  I  and  §  43  and  the  atlas  of  profiles, 
it  is  not  difficult  to  at  least  roughly  express  the  dependences  cp  =  cp(r)  and 

f  =  #(r).  It  should  be  pointed  out  that  <p  and  ^  will  depend  not  only  on  the  cascade 
parameters  (angles,  M  and  Re  numbers),  but  also  to  a  considerable  extent  on  how  the 
cascade  is  designed  or  selected.  Thus,  for  instance,  if  a  conventional  cascade 
for  subsonic  velocities  is  selected  for  the  root  section  of  the  nozzle  cascade,, 
then  at  large  M  numbers  only  the  profile  losses  it  can  amount  to  more  than  10$.  If, 
however,  this  section  is  specially  designed  for  the  given  M,  then  these  losses  can 
be  decreased  by  2  to  3  times. 

Inasmuch  as  this  portion  of  the  calculation  usually  does  not  contain  sufficiently 
complete  data  on  the  cascades.  Fig.  278  gives  a  graph  of  the  velocity  coefficient 

(taking  into  account  all  end  phenomena)  for 
a  steam  turbine  with  cast  diaphragm  and  solid 
(not  stampled  from  a  sheet)  blades. 

The  graph  in  Fig.  278  cnn  serve  only 
for  a  preliminary  estimate;  it  assumes  the 
cylindrical  flow  of  superheated  steam,  and 
the  Reynolds  number 


<p 


Fig.  278.  Change  of  velocity  co¬ 
efficient  with  respect  to  the 
height  of  a  nozzle  cascade  for 
milled  nozzles  cast  into  a  cast- 
iron  diaphragm. 


This  graph  is  constructed  for  three 
cases:  1)  d/l  =  2.65;  (M_  )  =  I.65,  cas- 

K 

cades  with  divergent  channels  of  the  type 
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shown  in  Fig.  250  are  used  in  the  root  sections';  2)  d/l  =  2.65,  (M  )  =  1.65, 

ci  K 

cascades  of  group  "T>"  are  employed  in  the  root  sections;  5)  d/l  =  5,  (M  )  =1.5, 

C1  K 

the  usual  standard  cascades  are  applied  in  all  sections,. 

5.  The  law  of  variation  of  the  flow  rate  coefficient,  p^  =  p(r),  is  selected. 
Figure  279  shows  an  approximate  graph  of  this  function,  constructed  for  a  cast 
nozzle  diaphragm  for  superheated  steam  (or  gas).  For  moist  steam,  this  graph  should 
be  reconstructed  in  accordance  with  the  data  in  Chapter  X. 

4.  Using  the  selected  law  of  twisting,  for  instance,  angle  =  a^r),  the 
graphs  for  <p  =  <p(r)  and  p^  =  p(r),  and  going  from  the  central  stream  to  adjacent 
strears,  we  find  all  the  necessary  quantities,  i.e.,  p^,  hQ1 ,  p,  c^,  c^u,  w^,  P1, 
and  AG. 

For  this  calculation  it  is  necessary  to  select  the  number  of  streams  into 
which  the  blade  is  divided  with  respect  to  height.  Obviously,  the  greater  the  number 
of  streams,  the  more  accurate  the  calculation.  At  the  same  time,  an  increase  of 
the  number  of  streams  increases  the  time  necessary  for  this  calculation.  The  minimum 
number  of  streams  depends  on  d/l  and  e.  For  e  =  0.5  and  d/l  =  2.65,  no  less  than 
21  streams  are  required.  For  larger  e,  and  especially  for  large  d/l,  it  is  possible 
to  lnr.it  oneself  to  a  smaller  number  of  streams.  For  a  zone  of  moist  steam,  the 
minimum  number  of  streams  may  be  estimated  for  the  calculation  by  the  following 
formula ; 

i  &  50  If  d  4-  3. 

It  should  be  pointed  out  that  the  stream  calculation  can  be  essentially 
simplified  without  a  loss  in  accuracy  because  only  Ap^,  AhQ1,  and  p^  is  found  for 

all  streams.  The  remaining  quantities  may  be  found  for 
a  smaller  number  of  sections  after  dividing  the  blade  with 
respect  to  height,  let  us  say,  not  into  21,  but  into  7 
sections.  In  the  zone  of  the  root  and  peripheral  sections, 
however,  it  is  recommended  to  select  the  sections  fre¬ 
quently,  since  in  these  zones  there  is  a  sharp  cnange  in 

the  basic  characteristics,  including  q>,  p. ,  and  sometimes 
Fig.  279.  Change  of  x 

the  flow  rate  co-  angle  a  . 

efficient  v/ith  respect  1 

to  the  height  of  a  5.  If  there  are  no  divergent  channels  in  the  nozzle 

nozzle  cascade  for  a 

cast  diaphragm;  steam  cascade,  then,  by  means  of  formulas  (268)  and  (268a)  or 
is  superheated. 

the  graph  in  Fig.  277,  the  effective  angles,  a1  should 
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be  found. 


6.  The  steam  flow  through  the  streams  is  summarized: 

G  =  2LG. 


If  SAG  noticeably  differs  from  the  given  flow  rate,  it  is  necessary  to  make 
a  recalculation.  The  following  forms  of  recalculation  are  possible: 

a)  change  of  the  initial  pressure  before  the  stage,  which  may  be  considered 
as  proportional  to  the  flow  rate  (in  the  majority  of  sections  the  flow  rates 

are  either  critical  or  near-critical);  this  naturally  requires  a  redistribution  of 
the  drops  between  stages; 

b)  change  of  the  height  of  the  nozzle  cascade,  l^;  in  this  case  it  is  necessary 
to  conitor  the  continuity  of  the  flow  area  and  the  overlap  of  the  stage; 

c)  change  of  angle  (and  consequently,  angle  g(^).  It  should  be  noted  that 
if  the  flow  rate  SAG  turned  out  to  be  somewhat  greater  than  the  given  value  (not 
more  than  by  5  to  10$),  it  is  meaningless  to  recalculate  the  stages,  since  in 
following  step  of  the  approximation,  as  a  rule,  the  flow  rate  through  the  nozzle  cas¬ 
cade  turns  out  to  be  decreased  in  comparison  with  the  given  step  of  the  approximation. 
If  recalculation  is  performed,  this  circumstance  must  be  taken  into  account  and 

2AG  for  the  recalculated  version  should  be  approximately  5$  greater  than  the  given 
value. 


7*  After  recalculation  of  the  stage,  all  the  initial  parameters  of  the  moving 
cascade,  i.e.,  p^,  w^ ,  p^,  p^,  and  i^  (stagnation  parameters  in  relative  motion) 
uia  variable  with  respect  to  radius.  The  moving  cascade  is  divided  into  the  same 
quantity  of  streams  as  the  nozzle  cascade,  but  the  stream  height  corresponds  to  the 
outlet  height  of  the  moving  cascade,  i.e, 

Ar,  =  Ar, 


The  velocity  w2fc  is  calculated  for  each  section. 

8.  Angles  P2  are  determined  for  all  sections  by  the  following  formula: 


(sin  p,);  =  (sin  p,), 


°t>l  dyt  Ar,  w,t 
v,i  dti  Art  w„( 


(276) 


If  the  places  of  installation  of  wires  are  approximately  known  beforehand,  they 
must  be  taken  into  account  when  using  formula  (276). 

For  the  streams  where  the  wires  will  be  located,  sin  P2  ^  should  be  greater, 
and  If  the  pi-ofilo  is  assumed  to  be  thickened,  then  it  is  necessary  to  increase 
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further.  If  this  cannot  be  done,  then  in  an  actual  stage,  not  only  in  the  streams 


where  the  thickened  profiles  and  wires  are,  but  also  sufficiently  far  from  them, 

#  '  the  flow  rates  LG  will  change  as  compared 

IM 

to  the  calculated  values,  pi  (the  reactions) 

and  angles  0^  will  change,  and  there  will 

occur  a  noticeable  distortion  of  the 

meridional  flow  lines.  As  a  result  of  this, 

the  economy  of  the  stage  will  drop,  not  to 

mention  the  direct  influence  of  the  wires 

on  the  cascade  losses. 

9*  The  law  of  variation  of  the  velocity 

Fig.  280.  Change  of  the  velocity  coefficient,  =  i/{ r)  is  selected.  The 

coefficient  f  with  respect  to  the 

height  of  the  moving  cascade  for  principle  of  construction  of  the  graph  for 


Fig.  280.  Change  of  the  velocity 
coefficient  f  with  respect  to  the 
height  of  the  moving  cascade  for 
the  last  stages  of  large  condens¬ 
ing  steam  turbines. 


Ing  steam  turbines.  f  =  p(r)  is  the  same  as  for  the  graph  of 

0  =  <p(r).  This  graph  can  be  most  reliably  constructed  on  the  basis  of  the  results  of 

static  investigations  of  separate  sections  at  actual  M  and  Re  numbers  (see  §  43). 

But  also  for  a  preliminary  calculation  it  is  possible  to  construct  a  tentative 

graph  for  y/.  Such  a  graph  is  presented  in  Fig.  280  for  three  types  of  cascades. 

This  graph,  which  was  constructed  for  a  preliminary  estimate,  assumes  the  flow  of 

b2w2  S 

superheated  steam,  and  Reynolds  number  Re  =  — - =  5  to  10*10-'.  Here,  the  change 

w2  v2 

of  the  profile  and  pitch  takes  into  account  the  requirements  of  strength.  An 
estimate  of  coefficient  f  is  also  made,  taking  into  account  the  cascade  entry  losses 
that  occur  due  to  periodic  instability  of  the  flow.  The  end  phenomena  are  con¬ 


sidered  in  the  root  sections  of  the  blades: 


a)  d /l  =  2.65(My;  )  =  1.7,  in  the  root  section  (3^  +  P2  **  70  ,  and  the 

peripheral  sections  have  the  type  of  cascade  shown  in  Fig.  254; 

b)  d /l  =  2.65(1^  )  =  1.7*  in  root  section  0^  +  02  «  45°,  and  the 

peripheral  sections  have  the  type  of  cascade  shown  in  Fig.  252; 

c)  <l/l  =  3,  )  =  1.45,  in  the  root  section  0^  +  P2  53  70°,  an<3 

peripheral  section  has  the  type  of  cascade  shown  in  Fig.  252; 

10.  All  the  stage  characteristics,  i.e.,  angle  ag,  cg,  c2u,  and  tj0JJ »  are 
determined  depending  upon  the  radius. 

11.  The  deviation  of  p2  along  the  radius  from  p2  on  the  mid-section  is 
calculated  by  the  following  formula:. 
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(c2u\f 


Pv~~Pt“>  ftlvj  tittup  ' 


(277) 


In  case  of  a  noticeable  deviation  of  p2^  from  P2  Cp,  the  moving  cascade  is 

recalculated  for  more  exact  values  of  v2fc  and  hQ2. 

12.  If  divergent  channels  are  not  employed,  the  effective  angle  P2  3(r,  is 

calculated  by  formulas  (268)  and  (268a)  or  by  means  of  the  graph  in  Fig.  277. 

The  results  of  a  more  exact  stage  calculation  are  given  in  a  graph,  an  example 

of  which  is  shown  in  Figs.  287  and  288,  where  the  dependences  of  the  following 

quantities  on  stage  height  (or  radius)  are  given:  angles  a^,  ,  (3^,  P2  J 

p;  M  and  M 
C1  2 


„  UjCw  +  UtCtu 

(?.-«■«)  ’ 


(278) 


«•  —  _Jki_ 

i-rK  • 


(279) 


13.  The  weighted  mean  efficiency  of  the  stage  is  calculated: 

„  SWK?  • 

2a  g 


(280) 


.  _  2*C.«ac' 


(281) 


14.  The  losses  due  to  moisture  and  leakage  are  considered  and  the  total 

* 

relative  Internal  efficiency  of  the  stage  and  T]oi. 

IV.  Cancellation  of  a  Stage  with  Flow  Lines  on 
Conical  Surfaces 

Up  to  this  point,  the  calculation  of  a  stage  began  with  the  assumption  that 
the  flow  lines  lie  on  coaxial  cylindrical  surfaces.  In  reality,  the  flow  lines 
in  the  meridional  plane  were  complex  curves.  In  this  step  of  the  calculation  we 
shall  assume  that  the  flow  lines  lie  on  conical  surfaces,  i.e.,  they  are  straight 
lines  in  the  meridional  plane. 

The  calculation  will  be  performed  for  three  sections:  at  the  entrance  to 
the  nozzle  cascade,  in  the  clearance  between  cascades,  and  at  the  stage  exit.  Thus, 
each  flow  line  will  generally  be  a  broken  line  (see  Fig,  281). 
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To  do  this,  v/e  shall  divide  the  inlet  height  l,  of  the  nozzle  cascade  into 
the  same  number  of  portions  as  and 

1.  Assuming  that  all  flow  lines  in  the  meridional  plane  pass  through  the 
lines  connecting  the  centers  of  the  portions  at  the  entrance  to  the  nozzle  cascade, 
in  the  clearance,  and  at  the  stage  exit,  for  each  portion  we  shall  determine  the 
angle  of  inclination  of  the  flow  line  (see  Fig.  281)*,  i.e., 

for  the  nozzle  cascade,  v^, 

and  for  the  moving  cascade, 

2.  The  steam  (gas)  flow  through  each  stream  for  the  nozzle  cascade  is  found 
by  the  following  formula: 

A<?,v  —  A(/|uCosv1.  (282) 

Here  the  subscripts  III  and  IV  pertain  to  the  step  of  the  calculation. 

The  flov/  rate  for  all  streams  is  summarized  and  the  flow  rate  through  the  whole 
nozzle  cascade  is  calculated. 

This  flov/  rate  v/ill  alv/ays  be  less  than  the  flow  rate,  obtained  by  analogous 
summation  in  step  III  of  the  calculation,  i.e.,  in  the  calculation  with  flov/  lines 

lying  on  coaxial  cylindrical  surfaces. 

The  change  of  Gjy,  as  compared  to  G.^  depends 
on  two  factors  —  the  inclination  of  the  external 
generatrices  (in  the  meridional  plane)  and  the 
nozzle  cascade  and  distribution  of  specific  flow 
rates  through  the  streams.  It  is  natural  that 
angle  v ^  will  mainly  be  at  the  periphery  of  the 
cascade  (in  the  rcct  sections,  angle  v ^  usually  is 
small).  If  v/e  select  the  law  of  constancy  of  angle 
ai  atfi  alon&  ^he  cascade  height,  for  a  supersonic 
flow  (and  practically,  for  a  transonic  flow)  the 
flow  rate  through  the  streams  will  be  proportional 
to  the  radius  of  the  stream.  If  ang.1.0  0^  3(^,  and 
consequently,  also  the  specific  flow  rate,  increases 


*Here  and  subsequently  the  angle  a.  implies  the  angle  of  direction  of  velocity 
c  In  the  plane  of  this  velocity,  and  not  on  the  cylindrical  surface  of  the  flow 
(see  Fig.  PJ’.?). 


con: cal  surfaces;  streams 
on  radius  r^_Q  y 
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Fxg.  282.  Velocity 
parallelogram. 


from  root  to  top,  the  influence  of  the  inclination  of  the 
flow  lines  on  the  total  flow  rate  (a  decrease  as  compared 
to  Gjjj)  will  be  great.  With  the  decrease  of  the  cascade 
drop,  i.e.,  upon  transition  to  subsonic  velocities,  the 
influence  of  angle  v 1  turns  out  to  be  smaller,  since  the 
specific  flow  rates  through  the  upper  sections  (where  the 


reaction  is  greater)  will  correspondingly  decrease. 

The  change  of  the  flow  rate,  as  compared  to  that  obtained  in  step  III  of  the 
calculation,  is  determined  by  the  following  formula: 


Cm  _  (tg  vn);  (  rK  y  \ 
G  -  Gm  -  2  \lj 


j  9  sinci,^  (-j-  —  I  j  rdr 


I  ?Si naujfdr 


(283) 


where  v is  the  angle  of  inclination  of  the  peripheral  flow  line,  i.e.,  practically 
the  line  of  the  meridional  external  contour  of  the  diaphragm. 

Formula  (283)  can  be  expanded  for  certain  particular  cases. 

In  general,  for  an  estimate  of  —  it  is  possible  to  use  the  following  formula: 

AG 


=  ~*(tg 


(284) 


where  K  can  be  found  on  the  graph  in  Fig.  283.  The  graph  was  constructed  for  two 
cases: 

sin  a,^  —  const 


and 


sin  a1(*  =  (sin  a, ,*),,,—. 


It  is  clear  from  the  graph  that  the  greatest  deviation  will  be  observed  when 
d/l  is  minimum  and  the  angle  increases  toward  the  top.  For  rn/rK  =  2.5  and  q  = 

=  1, 

-0,235  (lgvn)’. 

When  Vjj  -  30°  this  deviation  amounts  to  —■  -  -7 .9%.  If  the  flow  in  the 
cascade  is  subcritical,  then,  inasmuch  as  the  reaction  toward  the  top  is  Increases, 
which  means  that  the  specific  flow  rate  decreases  (as  compared  to  the  cascade  having 
q  =  1  =  const),  the  Influence  on  the  inclination  of  the  flow  lines  the  steam  (gas) 
flow  rate  will  be  smaller. 

Thus,  having  the  diagram  of  the  meridional  contour  of  the  diaphragm,  and 
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Fig.  283.  Coefficient  K  for  calculating 
the  change  of  the  steam  flow  through  a 
nozzle  cascade  in  comparison  with  the 
calculation  for  flow  lines  lying  on 
coaxial  cylindrical  surfaces. 

cos  v„ 


consequently,  the  angle  vpJ  it  is 
possible  in  first  approximation, 
without  a  detailed  calculation,  to 
estimate  the  influence  of  the  inclin¬ 
ation  of  the  meridional  flow  lines  on 
the  steam  flow  rate  and  to  consider 
this  when  determining  the  stage 
dimensions.  In  particular,  when 
calculating  the  angles  02  of  the 
moving  cascade,  in  formula  (276)  it 


is  necessary  to  add  the  factor  ,  where  v  is  determined  analogous  to  v. ,  on 

COS  ►'2  c  X 

the  basis  of  the  inclination  of  the  lines  of  the  corresponding  streams  in  the  moving 
cascade. 


V.  Stage  Calculation  for  More  Accurate  Flow  Lines 

It  is  obvious  that  flow  lines  in  general,  even  if  they  are  straight  in  the 
meridional  plane,  will  not  exactly  correspond  to  the  lines  directed  to  the  vertex 
of  the  triangle  formed  by  the  bounding  walls  of  the  diaphragm. 

Fox-  construction  of  these  lines  it  is  first  necessary  to  find  the  parameters 
of  flow  before  the  nozzle  cascade.  If  the  width  of  the  meridional  contour  of  the 
diaphragm  is  bounded  by  a  nozzle  blade,  it  is  possible  to  consider  that  these 
parameters  will  be  the  parameters  at  the  entrance  to  the  stage,  i.e.,  at  the  exit  of 
the  pre  eding  stage.  In  this  case  we  have  the  dependence  of  the  following  necessary 
parameters  on  the  radius  cQ  =  c(r)  and  vQ  =  v(r):  specific  volume  Vq  and  velocity 

V 

If  the  width  of  the  diaphragm  is  considerably  larger  than  the  width  of  the 
nozzle  blade,  one  should  conduct  at  least  an  elementary  calculation  of  the  annular 
dl ffusi r  which  proceeds  the  nozzle  cascade  and  is  formed  by  the  entrance  section  of 
the  diaphragm.  It  is  best  to  use  the  results  of  the  investigation  of  this  diffuser 
or  a  .  iinilar  one.  However,  it  is  usually  necessary  to  be  limited  to  an  estimate 
of  the  effectiveness  of  this  diffuser.  We  shall  perform  this  estimate  for  two 
coefficients,  i.e.,  the  utilization  factor  X^  and  the  flow  coefficient  which 
takes  into  account  the  flow  losses  in  the  diffuser  (Fig.  28h ) : 

X  - 

d~T'  («5) 
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:  (  ) 


(286) 


After  obtaining  and  tj  by  means  of  experiments  or  by  making  an  estimate, 

it  is  easy  to  calculate  the  values  of  pQ1,  vQ1,  and  cQ1,  which  are  necessary  for 

further  calculation  of  the  stage. 

Trm  For  this  we  use  the  continuity  equation 

-SL.  *«3'*  it'L  =  _£l .  HaL  ,0o7, 

i  r»  Ftt  vt  *  (287) 


‘I  A 

s 


Disregarding  the  influence  of  the  change  of 
temperature,  we  write: 


« /.. _ _  P.-l-A/y  ,  .  A 

vtll  -  />„//>• - - - I  —  . 


For  small  hfl  it  is  possible  to  use  the  following 


Fig.  284.  Determination  of  formula: 
the  characteristics  of  the 
entrance  section  of  a 

diaphragm  (diffuser) .  Then 

—i 

A P«  hj  2  **  =  wi 

Pc  P.f.  P,^,  2 

where  MQ  is  calculated  with  respect  to  velocity  cQ. 

As  a  result,  we  obtain  the  following  dependence: 


f«i  _  -i/CT  _£• _ 1 


hc  = 


(288) 


(239) 


Coefficients  and  depend  on  the  shape  and  dimensions  of  the  diffuser,  in 
particular  on  angle  vn,  the  degree  of  nununiformity  of  the  velocity  field  at  the 
entrance,  the  M  and  Re  numbers,  and  also  on  the  roughness  of  the  walls.  The  various 
types  of  diffusers  and  their  influence  on  the  efficiency  of  an  entire  stage  are 
considered  in  Chapter  VII  and  in  §  46.  It  is  usually  assumed  that  X^  =  0.4  to  0.8 
and  i|A  =  0.8  to  0.99. 

After  the  values  of  cQ1  and  vQ1  are  found  at  the  entrance  to  the  nozzle  cascade, 
for  each  value  of  the  flow  rate  determined  for  the  first  stream  from  the  root  behind 
the  nozzle  cascade  (preceding  step  IV  of  the  calculation)  we  determine  the  area 


of  stream  at  the  entrance: 


IF  \  —  bGi’H 
“  r0!  * 


(290) 


* 


1 1  A  tjknfft  %  1  £1*  A»-  Sriitt 


'where  F01  =  m(d01  +  AlQ;L)Al01;  doi  is  the  root  diameter  of  the  stream  at  the 

K  K 

entrance  to  the  cascade,  and  AlQ1  is  the  height  of  this  stream. 

After  determining  AlQ1,  we  go  on  to  the  next  stream,  etc.  It  is  obvious  that 
ZAl0i  =  lQi.  In  case  of  divergence,  it  is  necessary  to  check  the  calculation, 
and  in  particular,  to  check  the  determination  of  the  parameters  cQ;L  and  v01. 

For  simplification  of  the  calculation  it  is  possible  to  perform  detailed 
calculations  immediately  for  a  group  of  streams,  and  then  carry  out  interpolation. 
In  certain  cases  the  calculation  is  essentially  simplified.  Thus,  for  instance, 
for  a  cascade  with  constant  specific  flow  rate,  i.e.,  with 


ctt  tinea  cos  V| 
fit 


P!  =  const 


01 

and  with  a  uniform  field  of  velocities  and  inlet  pressures,  i.e.,  with  — —  =  const, 

V01 

the  flow  lines  in  the  meridional  plane  coincide  v/ith  the  lines  determined  in  the 
preceding  step  IV  of  the  calculation.  In  this  case  the  present  step  V  of  the 
calculation  is  not  needed. 

It  is  possible  that  the  condition  of  constant  specific  flow  rate  is  retained 
only  in  a  portion  of  the  cascade.  This  case  is  discussed  later  in  an  example.  If 
a  stage  is  designed  with  a  nozzle  cascade  having  3(j,  =  const,  it  is  obvious  that 
the  portion  of  the  cascade  where  the  flow  is  critical,  i.e.,  where  clt  >  a,  may 


be  approximately  calculated  for 


clt  sin  al 
vlt 


=  const  (in  reality,  cos  vyi /  const). 


In  the  cuberitical  portion  there  will  be  a  change  of  the  Inclination  of  the  flow 

lines  as  compared  to  the  calculation  of  step  IV,  but  it  i"  small.  In  this  case 

it  is  important  to  determine  the  flow  line  for  the  stream,  where  M  =  1,  and 

°1 

a  more  exact  determination  should  be  made  only  for  streams  higher  than  the  given  one. 
Then,  after  designating  this  boundary  stream  by  the  superscript  * f  we  will  obtain: 


a  {doik  -l-  4i)  /qi  7~~  ^ 


(291) 


After  detei’mlning  all  &lQ1,  new,  more  exact,  straight  flow  lines  are  made, 
and  angle  v'  is  determined  more  accurately  for  all  streams. 

After  that,  the  steam  flow  rates  for  all  streams  are  determined  with  greater 
accuracy: 

AGy  "  ACjn cos v,  (292) 


Th<>  v.*.  lue  of  the  total  f low  rate,  JIAGy,  is  also  made  more  exact. 
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ir  we  are  limited  to  this  calculation,  we  should  compare  ZAGy  with  the  given 
flow  rate  and  determine  the  value  of  angle  (3^  more  accurately: 

slnpt  =  (sinp1),tl^L.  (295) 

In  reality,  the  flow  lines  in  the  meridional  plane  are  not  straight.  If  a  more 
detailed  calculation  is  necessary,  the  flow  lines  can  be  fvund  more  exactly.  It 
should  be  borne  in  mind,  however,  that  such  a  calculation  is  extremely  tedious  and 
time-consuming,  and  rather  conditional  at  the  same  time.  For  construction  of  a  low 
line  it  is  necessary  to  find  the  stream  height  that  corresponds  to  the  given  flow 
rate  inside  the  blade  cascade.  For  this  we  take  the  control  plane  normal  to  the 
axis  of  the  turbine,  i.e.,  in  the  meridional  plane  we  draw  a  line  normal  to  the 
axis  (Fig.  285).  We  trace  channels  (sections)  of  the  cascade  for  several  radii. 

For  all  these  sections  we  find  the  position  of  the  sought  control  plane,  and  we 
determine  t,  the  coefficient  of  constraint,  which  considers  the  profile  thickness 
in  a  given  section  (see  Fig.  285).  Using  the  drawing  of  the  channel  we  find  in 
the  given  section  the  angle  of  direction  of  flow  a,  which  is  determined  in  the 
following  wav.  We  draw  circles  in  the  channel,  tangent  to  the  walls  of  the  pro¬ 
file;  the  line  connecting  the  centers  of  these  circles  is  considered  as  the  middle 
flow  line.  At  the  point  of  intersection  of  the  sought  section  from  this  middle 
flow  line  we  determine  the  tangent  to  it  and  the  angle  a  (see  Fig.  285).  We 
perform  this  construction  for  se'  .  .  sections,  including  the  root,  peripheral,  and 
middle  sections.  Obviously,  this  requires  that  the  cascades  for  these  sections  be 
selected  or  profiled  after  step  IV  of  the  calculation.  Further,  for  the  found 
values  we  construct  a  graph  for  t  =  f(r)  and  a  =  a(r),  which  makes  it  possible  to 
find  t  and  a  in  the  control  plane  for  any  radius. 

For  the  mid-radius,  by  the  channel  method  (see  Chapter  I),  we  calculated  the 
velocity  and  pressure  distribution  in  the  channel  and  find  the  values  of  c^  and  p 
in  the  sought  section. 

Now  we  have  all  the  data  for  calculating  the  radial  equilibrium  with  the 
simplified  formulas  in  the  control  plane  that  we  selected.  The  calculation  is 
performed  in  absolutely  the  same  manner  as  it  was  done  for  the  clearance  between 
cascades,  i.e.,  for  streams. 

As  a  result  of  this  calculation,  the  values  for  all  streams  are  found  for  the 
sought  control  plane: 
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V 


A G  =  2arAr.x-2-  u. 

*  *  Vi  * 


(294) 


After  that,  each  AG  is  multiplied  by  v \ ,  which  was  obtained  for  each  stream 

earlier-  Having  a  graph  of  the  flow  rate  for  three  control  sections  (in  front  of 

cascade,  in  cascade,  and  behind  it),  which  increases  from  root  to  tip,  and  following 

Traupel  [96],  it  is  possible  to  construct  flow  lines  for  three  points. 

If  the  sum  of  flow  rates  IAG  in  the  control  section  does  not  noticeably 

coincide  with  the  SAG  that  was  obtained  in  the  preceding  calculation,  strictly 

speaking,  the  calculation  should  be 

performed  either  with  an  exact 

equation  of  radial  equilibrium  or, 

at  least,  a  new  angle  a1  should  be 

given  on  the  mid-radius.  Practically, 

in  view  of  a  certain  conditionality 
Fig.  285.  Calculation  of  the  cross  section  „  „ 

intersecting  a  cascade.  -the  calculation,  this  cannot  be 

done;  it  is  sufficient  to  change  all 
*  AG  in  proportional  to  the  quantity 

G/SAG. 

Now,  for  the  three  points  it  is  necessary  to  construct  a  flow  line,  giving  this 
curve  an  analytic  character.  A  literature  reference  [96]  pi-oposes  that  this  curve 
be  considered  as  part  of  a  circle.  It  is  possible  to  think  of  it  as  part  of  a 

sinusoid  [l6l]  and  another  form  [1593-  After  that,  it  is  not  difficult  to  determine 

1 

the  radius  of  curvature  and  find  a  more  accurate  value  of  angle  v^. 

It  is  obvious  that  for  confidence  in  the  determination  of  v  it  is  necessary  to 
have  on  a  flow  line  not  three,  but  a  larger  number  of  points,  especially  near  the 
trailing  edges.  Unfortunately,  such  a  calculation  is  not  only  very  tedious,  but 
also  very  unreliable,  especially  in  the  region  of  supersonic  flow.  For  a  slanting 
shear  with  a  supersonic  flow  it  is  necessary  to  use  the  method  of  characteristics. 
However,  the  presence  losses  in  the  slanting  shear  of  a  cascade  does  not  permit 


us  to  perform  an  exact  calculation. 
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VI.  Stage  Calculation  with  the  Complete  Equation  of 
Radial  Equilibrium* 

By  means  of  the  preceding  calculations  it  is  possible  to  find  more  exact 
(than  for  calculation  of  step  III)  values  of  the  velocity  coefficients,  <p  and  .f, 
for  cascades  depending  upon  radius.  Calculations  of  steps  III,  IV,  and  V  permit 
us  to  find  the  values  of  the  angles,  velocities,  and  also  the  Re  number  In  all 
sections,  i.e.,  to  form  a  stage  with  high  accuracy.  By  means  of  these  characteristics 
(M,  Re,  and  the  angles)  it  is  possible,  on  the  basis  of  results  of  static  investi¬ 
gations  taking  into  account  experiments  with  annular  cascades  and  with  stages,  to 
quite  reliably  have  the  dependences  <p  =  <p(r)  and  i>  =  ^(r). 

Performing  the  calculation  of  the  nozzle  cascade,  we  will  write  the  complete 
equation  of  radial  equilibrium  in  a  plane  normal  to  the  axis  (see  §  35) ,  In  the 
following  manner: 


v 


Bp  4  dCr 

IT'  T  a  dz  r  dr 


+  F,. 


(295) 


Here  (see  Fig.  282) 


c„  =  ccosa  , 
ca  =  csln  acos  v 
ct  =  e  sin  a  sin  v. 


[296) 


_  » 


The  influence  of  Fr  —  the  radial  component  of  the  force  of  influence  of  a 
blade  on  the  flowing  medium  —  is  not  considered  by  us,  although  in  certain  cases 
it  is  of  value  to  create  this  force  by  a  special  inclination  of  the  blades  (see  § 
57). 

After  dividing  the  blade  into  a  large  number  of  streams,  we,  as  before,  replace 
the  differential  changes  of  parameters  by  finite  differences.  The  change  of  the 
radial  velocity  component  in  the  direction  of  axis  z  may  be  roughly  found  for  the 
quantity  cr  in  two  control  planes  (for  instance,  in  front  of  and  behind  the  cas¬ 
cade);  In  view  of  the  small  influence  of  this  term,  such  an  approximation  will  not 
render  a  noticeable  influence  on  the  concluding  calculation: 


(1|>  __  f,l  ~~f/0 

Oa  1 


[291) 


*Lnter,  in  an  example  of  the  last  stage  of  a  large  turbine,  the  difference  in 
the  results  of  the  simplified  and  complete  calculation  Is  shown. 
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Here  z  is  the  distance  between  the  control  planes,  0  and  1,  along  the  axis 
(Fig.  281). 

In  final  form,  for  the  transition  from  the  i-th  stream  to  the  following  one, 
we  obtain: 


a*  wiaaiaffi  *, 

vu  l  0-t-o.s 

X  sin  vlf  cos  v„  —  c,,  sin  «„  y 

(Cyh^-JE^  s]  }  A  A  *L±*»±* »I; 
A r  "j  ‘  vu 

+. 

AAiq  “  (A*i  -r  A”n  A',„j  yrt. 


In  these  formulas  r^  +  0.5  is  the  radius  between. streams 

_  ..  ti  JrrUi 

2  * 


(298) 

(299) 


As  ind  v*.ted  by  analysis  and  examples  of  calculation  for  a  nozzle  cascade,  the 

component  of  equation  ;(298)  cr(bcr/dr  is  usually  extremely  small  and  is  disregarded. 
Thus,  in  the  example  of  the  limiting  stage  with  d/l  =  2.65  and  =  30°  which 

is  considered  below,  with  a  complete  change  of  the  drop  in  the  nozzle  cascade  from 
root  to  tip  by  more  than  110  kj/kg,  this  term  gives  only  1.3  kj/kg,  i.e.,  a  little 
.more  than  Vjh. 

For  a  moving  cascade  with  a  conventional  design,  angle  **  90°,  and  it  is 
possible  to  disregard  the  term  K^.  However,  in  certain  stages  v/hen  a 2  ^  90°,  and 
especially  under  variable  operating  conditions,  the  term  can  be  essential  and 
therefore  cannot  be  disregarded. 

It  is  usually  considered  that  when  a 2  =  90°  the  pressure  behind  a  moving  cascade 
is  practically  constant  along  the  radius  and  the  stage  is  calculated  for  a  constant 
available  heat  drop  on  all  radii.  This  is  valid  for  the  calculation  with  the 
simplified  equation  of  radial  equilibrium  and  for  stages  of  gas  turbines  with  low 
velocities  of  flow  and  a  slight  change  of  specific  volume,  when  the  error  in 
disregarding  the  term 


(300) 


will  be  small  due  to  the  fact  that  ca2  «  c&1. 

However,  in  the  last  stages  of  steam  turbines,  in  the  mid-section  at  p  ~  0.5  to 
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0.6,  the  difference  ca2~ca±  is  usually  on  the  order  of  100  m/sec.  Then,  for 
instance,  at  cay  =  250  m/sec,  cal  =  150  m/sec,  z2  =  0.07  m,  and  v2  =  10°,  the 
change  of  the  heat  drop  due  to  this  term,  when  Ar  =  0.03  m  of  the  blade  is 
1  m  long),  will  be 

M„  vtA r  -3,1  *&*/«-. 

It  is  obvious  that  in  the  root  sections,  due  to  the  smaller  reaction  and,, 
consequently,  the  smaller  difference  of  c_-c  and  also  because  of  the  decrease 
of  angle  v^,  the  influence  of  this  term  will  decrease;  in  the  direction  towards 
the  blade  tip  the  opposite  picture  is  observed. 

Due  to  the  large  absolute  values  of  the  velocities  c  .  and  consequently,  the 

a 

velocities  cr  also,  the  influence  of  .the  term  cr(Sc^./^r)  behind  the  rotor  blade  also 
becomes  noticeable. 

After  the  calculation  of  the  moving  cascade,  it  is  necessary  to  consider  the 
influence  of  it  on  the  flow  behind  the  nozzle  cascade,  i.e.,  on  the  angle  v^,  and 
to  recalculate  the  nozzle  cascade.  With  a  supersonic  flow  in  the  nozzle  cascade, 
such  a  calculation  is  not  needed. 

It  is  obvious  that  the  more  exact  calculation,  as  compared  to  step  III  of  the 
calculation  by  means  of  the  simplified  equation  of  radial  equilibrium,  changed 
the  angles  a^,  the  flow  rate,  the  reaction  of  the  stage,  its  efficiency,  and  the 
angles  p^  and  Pp. 

The  change  of  the  M  numbers  is  very  important  and  essential,  especially  M 

W2t 

at  the  tip. 

In  an  example  of  calculation,  this  quantity  for  a  detailed  calculation 

amounted  to  M,  =  1.78,  and  for  a  simplified  calculation,  M  =  1.58.  With  such 
2t  w2t 

a  considerable  difference  it  is  necessary  to  design  the  cascade  in  a  somewhat 
different  manner. 

As  a  result  of  calculating  the  stage,  we  obtain  the  pressure  distribution  p2 
with  respect  to  the  radius.  This  distribution,  as  also  the  quantity  pg  itself, 
is  determined  by  resistances  following  the  given  stage,  i.e.,  for  the  last  stage  — 
the  outlet  duct,  and  for  the  next-to-the-last  stage  —  the  last  stage  and  the  outlet 
duct,  etc. 

It  is  obvious  that  impossible  to  be  limited  to  a  stage  calculation  without 
considering  these  resistances.  The  stage  calculation  should  be  performed  in  the 
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following  way. 

After  a  detailed  calculation,  analogous  to  the  one  described  above,  at  the 
entrance  to  the  duct  we  obtain  the  velocity  field..  On  the  basis-of  the  character¬ 
istics  of  the  duct,  which  can  how  be  obtained  as  a  result  of  ah  experimental  inves¬ 
tigation,  we  obtain  the  pressure  distribution  along  the  radius  (in.  the  ducts  of 
steam  turbines  the  pressure  will  change  not  only  along  the  radius,,  but  also  along 
the  '-ircumference  at  the  duct  inlet,  which,  of  course,  must  be  disregarded  in  the 
calculations).  Having  this  pressure  distribution,  again  Tor  the  streams,,  we. 
determine  the  characteristics  of  t'ne  flow  behind  the  blade  cascade,  which  must 
satisfy  the  equations  of  equilibrium  and  continuity.  Iri  general,  this  will  be 
possible  only  with  variation  of  the  parameters  in  the  clearance  before  the  moving 
cascade.  The  continuity  and  equilibrium  equations  are  further  checked  for  this 
clearance,  which  leads  to  a  change  of  the  parameters  before  the  stage,  etc.  In 
essence,  it  is  necessary  to  perform  the  calculation  as  if  for  variable  turbine 
performance  from  the  final  stage,  which  differs  from  the  usual  calculation  [8j]  uy 
the  fact  that  it  is  performed  not  for  the  mid-radius,  but  for  the  streams,  taking 
into  account  the  equation  of  radial  equilibrium. 

This  calculation  is  not  only  difficult  and  very  tedious,  but  for  the  last  stages 
of  condensing  turbines  it  is  almost  practically  impossible  now.  This  is  explained 
by  the  fact  that  for  the  outlet  ducts  of  steam  turbines  there  are  almost  no 
complete  characteristics  that  consider  variable  velocities  and,  all  the  more,  the 
swirling  at  the  entrance. 

Analytic  Dependences  for  Calculation  of  Last  Stages 

Sometimes  in  variant  and  preliminary  calculations  of  stages,  the  use  of 
methods  of  detailed  calculation  for  streams  requires  very  much  time,  and  the  analytic 
dependences  obtained  from  the  simplified  equation  of  radial  equilibrium  give  large 
errors.  In  this  case  it  is  possible  to  use  the  analytic  dependences  obtained  from 
the  complete  equation  of  radial  equilibrium  with  certain  simplifying  assumptions. 

Assuming  that  Fr  =  0,  and  taking  into  account 

dil  =  Jit,  —  r,  rfr,  =  <n’,d  Pi,  ( 301 ) 

from  equation  (?9r.>)  we  obtain: 

»  „ 

I  „  «?c,  _  r\ii  Or,,  .  dc„  ,  I  0i„ 

T»  ‘  07  7  "  Jl  ~,Tz  n  07  '  I3  07''  (30?) 
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.where  r  =  t/t,.*  and  z  =  z/v  ... 

C»v  ^c. 

For  conical  flow  surfaces,  41_  --  0.  For  the  term  (and  not  in  general  for 

Sz  dr. 

the  r'um%c  of  the  axial  velocity  component)  we  shall  assume  that 

f«i  =  caJy  (303) 


and  consequently: 


—  9 


(3Q4) 


where  A  is  obtained  from  the  boundary  conditions,  while  the  index  y  depends  on 
the  law  of  twisting,  a  =  a(r),  and  can  be  of  any  sign. 

Then  equation  (301)  will  be  converted  to  the  following  form: 


+  -I  /■*  [?) 


(305) 


v/here 


/•,  (r)  - 


.  -  ..  rfslnv  .  .  dsine,  ,  c<K*a, 

sin*  a,  sin  v  — : —  sin  a, - -  sin1  v - =— 1 

_ '  ,  dr _ _ dr _ r 

_  4in»  «,  sin*  v 


Ft(r)~ 


CatK  0y  —  A)  . 

- — — ■ — sina,sinv 

?»i _ . 

t/tf,’  —  »tu*atsm*¥  ’ 


“5  dljdr 

Fa  (r)  ~  SM,«  Uj  M„*  v ' 


(305a) 


(305b) 


(305c) 


It  is  obvious  that  for  the  solution  of  this  equation  it  is  necessary  to 
know:  di^/aF,  which  is  known  from  the  calculation  of  the  preceding  stage,  <p  =  <p(F) , 
=  a (7),  and  the  index  y,  which  can  be  found  for  adopted  law  of  twisting  by  means 
of  the  simplified  equation  of  radial  equilibrium,  and  the  dependence  v  =  v(r). 

For  obtaining  the  last  term,  we  shall  write  the  continuity  equation  for  the 
plane  in  front  of  the  cascade  and  behind  it* 

'•  ~'x 

2ji  f  S3L-rd7  =  2a  f -^-}dr~ 

J  J  V, 

1  0 

Usually  (thin  will  hardly  show  up  in  the  final  results  of  the  calculation)  it 

is  possible  to  use  the  formula  obtained  for  the  particular  case  of  ca/v  =  const 


*llcre.  Tor  simplicity  of  notation,  it  is  assumed  that 

I.  *'"•  tt:  C,n 

1  ‘  Hi,  ‘ 
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In  many  ises  it  is  possible  to  assume  conical  coaxial  flow  surfaces. 


(506) 


igv  ==  j__i(tgVj,  -  lgv*).+  tg  V«. 

r* —  * 


(307) 


The  use  of  formula  (507 )  is  convenient  only  for  an  analytic  solution  of 
equation  (305).  In  general,  the  solution  of  this  equation  is  possible  only  by 
means  of  numerical  methods  and  it  is  not  very  difficult.  Thus  we  obtain  the 
radius  distribution  of  velocity  c^  and  all  the  other  parameters. 

I1‘  we  consider  that  does  not  depend  on  the  radius,  equation  (305)  will  take 
on  the  following  form: 


~  Ft  (r)Ci  !-  Ft(r) 


and  the  following  solution: 


-g-  =  exp  [jflF,  (?)ttr  Jl  j  <I» (?)  exp  j  Ft  {r)dr J</r), 


(303) 


(309) 


where  F^(t)  Is  according  to  expression  (305a) >  and 

7>-A  .  .  . 

— —  sin  «,*  coj  v*  sin  a,  sin  v 

<I>  (r>  --  — " - 

'  '  .  v  sm1 «, 


(310) 


It  is  obvious  that  equation  (309)  is  easy  to  convert  for  the  case  when  Cp  is 
given,  and  not  c^  1(. 

Equation  (309)  is  essentially  simplified  for  certain  wide-spread  particular  cases 

d  sin  a.  ?  2 

of  twisting.  Thus,  at  a.  =  const  we  obtain  - «*  0  and  7  =»  -q>-"cos  a.  .  At 

1  dr  x 

sin  --  r  sin  «1  K  the  expressions  (7)  and  <t>(r)  also  are  simplified,  since 


d  sinai 


~l-  «  sin  aK  and  ^  ?-*'"*'** 


The  steam  parameters  behind  the  moving  cascade  are  calculated  in  the  following 


Wo  write  the  equation  for  the  plane  behind  the  moving  cascade 

dpt  _  4„  (Ic.r  dc.r 

* if  ~  ~7  C;jir  Cvir 


(311) 
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If  the  outlet  angles  of  the  moving  cascade  are  found  from  the  condition  of 
equality  of  flow  rates  in  similar  cascade  streams,  then 


^"vsHHHcgk. 


(512) 


W») 

We  make  a  number  of  simplifications : 

c2a  o 

inasmuch  as  +he  influence  of  the  term  is  small,  and  usually  a,,  >  70  ,  then 

r  d 

for  this  term  we  shall  assume  that 

Clg’a^clgMi.,. 

As  also  for  tbs  nozzle  cascade,  we  shall  assume  that  for  the  given  flow  line 

—  const,  i.e.,  •=i5—(l--/l/-v). 

dz  dz  7t,t 

The  influence  of  the  term  c — —  also  is  not  very  great;  therefore,  it  is  possible 

■  dr 

to  simplify  the  expression: 


L  'Ll?.*  |  .**•  tt.v]  f  'Mrv  ,  tev  Or 
r*  Or  1  Or  tK'|  f*. '  '  liev”  • 

Or  J 

The  second  term  in  the  bracket  is  essentially  less  than  unity;  therefore. 


Ottr  _  , 

— i—  -5:  Cj.  — •- — 

Or  Or 


We  shall  assume  that  pgVg  =  *'or  the  zone  of  e*1anSe  of  parameters  with  respect 
to  the  radius  behind  the  moving  cascade.  Then  equation  (315)  is  converted  to  the 
following  form: 

*  dr  r  ^  '  cos*  v 

•  -  r~  W  ls v  0  -  -  <?*  W  ^  v 

nnr)  *».« 


I  -  /j7y 

,  <i(tgv)  1 

RT. 

7i.t 

dr  j 

Pi 

(  31  !l  ) 
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The  solution  of  this  equation: 


where 


r 

A=&  +  2  'JyO)J. 

r(?)  =  ?0>  j£&-  tg  v  Y=^~ + ^r-]  RTr 


(315) 


(316) 


For  the  solution  it  is  necessary  to  know  Q(r),  which  is  given  by  the 
calculation  of  the  nozzle  cascade. 

At  u  very  large>  deviation  of  a2  from  90°,  and  a  considerable  error  of  the 
equation  of  state  of  an  ideal  gas,  a  second  approximation  should  be  made. 

The  calculations  with  the  formulas  given  above  showed  a  good  approximation 
to  the  results  of  the  calculations  for  streams  that  were  performed  in  this  paragraph. 

Example,  of  .the  Calculation  of  -the,  Last  Stage  of  a  Large 
Condensing  Turbine  ' 

Given:  steam  flow  .rate  G  =  52.0  kg/sec,  rotor  speed  n  =  3000  rpm;  steam 
parameters:  at  entrance  to  stage  pQ  =0.130  bar,  iQ  =  2488  kj/kg. 


^0 

:2 

bar. 


=  7  kj/kg;  behind  stage:  pressure  on  mid-diameter  p„  =  0.0342 


Fig.  286.  Flow 
area  of  stage 
(example  of  the 
calculation  of 
the  last  stage 
of  a  large  con¬ 
densing  turbine). 


Dimensions  of  stage:  nozzle  cascade:  mid -diameter  d^  = 

=  2430  mm,  height  =  900  mm;  moving  cascade:  mid-diameter  dg  = 

=  2480  mm,  height  =  960  mm. 

Flow  area  of  stage  is  represented  in  Fig;  286. 

I.  Calculation  for  Mid-Radius 
On  an  is-diagram  we  find  the  parameters  of  the  stagnated 
flow:  iQ  =  2495  kj/kg,  pQ  =  0.138  bar,  xQ  =  0.958,  and  the 
available  heat  drop  of  the  stage 
A,  .-1 7,  — «,/ 1=  185  kOmc/m.  . 


The  velocity  ratio  on  the  mid-diameter 

Jll_  =  _j5_  =  0.G27. 

/  2/i, 

The  minimum  reaction  on  the  mld~ra.Jlus 


1.3 
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(  >  i 
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For  a  preliminary  estimate  we  select  pcp  =  0.60;  then  P^/Pq  =  0.587  >  e*. 
We  shall  assume  that  <?  =  O.96,  <9  =  O.93,  \l±  =  1.01;  =  1.0. 


*ii*?‘=i^rt=0'325;  Ci='8*5*' 


From  the  velocity  triangles  we  obtain. w.  --  125  m/sec,  ft  =  106°3o’,  and  w^. 

'  1  '  2t 

Hd7  m/sec. 

«-«88'fl0';  r,  »  223,5  «/<&;  rj.,  0,717. 

Since  w?.  >  w*,  it  is  necessary  to  determine  tie  angle  : 


*inP2J*  =  —  —  *in  fc  =  0.453; 
fc*=-- 26*56'. 


II.  Calculation  of  Stage  for  Three  Sections 
<For,  this  calculation  we  must  select  law  of  twisting  for  the  nozzle  cascade. 
We  shall  assume  that  the  nozzle  cascade  should  have: 

«u#  =  const  =5 18*58'. 

Then  we  can  roughly  find  the  reaction  by  the  following  formula: 


I  —  t>  /  r  \-Vto>*Pi 

I  ~  tep  \  rtp) 


For  the  root  section: 


#*—  0,142;  159  kjAg;  pIK  0,0420  bar. 

aiK~  22  40';  Pi  "  39*20';  Wj  •=  314,5  m/sec; 

-  389 m/sec;  P;  =  30*14';  a, «.  78*10';  c,  211.5  m/sec. 


For  the  peripheral  section: 

q„  =  0,762;  A01  -  44  kjAg;  Pi  ■ 1  0,1025;  uln  -=  «1(^; 

Pj  —  160*23';  tv,  273,5  m/sec;  wtt  —■  594,4  m/sec; 

Pi  =20*51';  a,  ---  95*09';  c,  =••  198,5 m/sec ;P,^-^  17*56'. 

III.  Detailed  Calculation  of  Stage  by  Means  of  the 
Simplified  Equation  of  Radial  Equilibrium  in 
a  Clearance 

The  calculation  is  shown  in  Table  22. 

Not.,  on  the  calculation:  For  the  mid -section  we  selected  the  reaction  ppp  = 
O.56;  angle  0(fl  »  20°  =  const.  The  velocity  coefficients,  <p  and  y,  were  taken 
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from  Figs.  278  and  280  (curves  l)j  the  flow  rate  coefficients  were  taken  from  Fig. 
279. 

The  blades  are  divided  into  21  sections  with  respect  to  height :  for  the  nozzle 
cascade  we  assumed  that  Ar^  =  0.043  mm,  and  for  the  moving  cascade,  Arg  =  0.046  mm. 
The  root  section  rt  and  the  peripheral  section  per,  which  are  0.020  mm  from  the 
nearest  radii  of  the  streams,  are  calculated  separately. 

Sequence  of  calculation. 

First  the  middle  section- of  No.  11  is  calculated.  Then  for  the  transition  to 
the  adjacent  stream  (for  instance.  No.  10)  we  determine: 

Akt  —  — —  &rt 


.  *  . 

Here  c^u  and  v^  are  selected  for  stream  Ho.  11,  and  r  on  the  boundary  of  streams 


No.  11  and  10  i.e. ,  r  = 


■io  +:  Fn 


He  find  (hQi)io  =  (hoi^ll  +  ^01  for  stream  No'  10  and  calculate  the  nozzle 
cascac.e  for  stream  No.  10.. 

Ml  remaining  streams  are  calculated  analogously.  Upon  transition  to  the  root 

and  peripheral  section,  Ar^  =  0.020  m  is  substituted. 

Angle  a.  is  determined  for  all  sections  where  M  >1: 
x  clt 

sin  Oj :  t  sin  u,**  -£i_  =  q  Jill. 

tu  v  c„  * 

where 

q  *>  sin  a  ijj,  ~  as  const. 

For  sections  where  M_  <  1,  angle  a.  =  a.  .  =  const.  In  the  calculation  of 

a  1  3tp 

the  moving  cascade  it  is  assumed  that  p2  =  const. 

Angle  is  found  by  the  following  formula: 

•in  A  C'i  t’;i  diAr i  .  a 

*>n  Pi  ‘=  —  sin  p,. 

For  determination  of  v2t  it  is  necessary  to  know  x^^.,  for  which  the  losses  in  the 
nozzle  cascade  should  be  estimated: 


i  tg 

i  h? 


!  1’ 

t.-, 


O  I 


-474- 


loo® 


After  calculating  the  flow  rate  for  the  streams,  AG,  the  steam  flow  through 

the -whole  cascade  should  be  determined: 

jo 

C  ~  0,043  2  AG  -r  0,04 15  (AG,  -f  AG„) 53,75  «/««. 

2 

It  is  interesting  to  noce  that  the  steam  flow,  which  1c  calculated  for  the 
middle  section,  amounts,  to  53*58  kg/sec,  i.e.,  it  differs  by  a  total  of  0.32$.  The 
obtained  flow  rate  is  greater  than  the  given  one,  G  =  5*20  kg/sec,  by  3*4$.  However, 
in  connection  with  the  decrease  of  the  flow  rate  due-  to  the  conical  meridional 
contour  of  the  stage,  a  more  precise  determination  of  the  dimensions  of  the  stage 
should  not  be  made.. 

Let  us  compare  the  results  of  step  III  of  the'  calculation  with  the  calculation 
for  three  sections;  in  step  III  of  the  calculation  the  mean  reaction  was  decreased 
and  angle  3(f)  was  somewhat  increased. 

The  reaction  at  the  root  was  decreased  and  it  amounts  to  8.2$;  in  the  root 
section  the  angle  was  increased  by  4°;  angle  02  changed  at  the  periphery:  it 

increased  by  1.5®;,  The  discharge  velocity  at  the  root  and  at  the  periphery  was 
practically  unchanged.  This  all  shows  that  even  a  rough  estimate  of  a  stage  for 
three  sections  is  close  to  the  detailed  calculation  by  means  of  the  simplified 
equation  of  radial  equilibrium. 

The  weighted  mean  relative  blade  efficiency  of  a  stage  with  full  loss  of  outlet 
velocity  amounts  to  q  QJi  =  0.746. 

The  stage  calculation  is  shown  in  the  graphs  on  Pigs.  287  and  288,  where  it  is 
Indicated  by  the  dotted  lines. 

IV.  Calculation  of  Stage  with  Plow  Lines  on 
Conical  Surfaces 

In  the  diaphragm,  the  conicity  of  tne  external  meridional  configuration  amounts 
to  v ,j  =  30°.  It  is  not  difficult  to  find  angle  v ^  for  each  stream  (see  line  1 
in  Table  23).  Then  the  steam  flow  in  each  stream  will  be  found  by  the  following 
formula : 

AG' AG  cos  V|. 

The  flow  through  the  whole  stage,  which  is  found  as  the  sum  SAG1,  is  equal 
to  G1  =  50.77  kg/sec,  i.e.,  5*6$  less  than  for  the  preceding  step  III  of  the 
calculation. 
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Table  23.  Results  of  Stage  Calculation  with  Flow  Lines  on  Conical  Surfaces. 
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Let  us  compare  this  change  with  the  calculation  performed  by  means  of  formula 
(284): 

AC 


Gill 


—  /C  (tg  v„)1, 


where  K  is  taken  from  the  graph  on  Fig.  283. 

For  the  case  of  sin  =  const,  q  =  1,  and  rnAK  =  2.18,  coefficient  K  =  I.97. 

Then  =  -O.O65.  A  detailed  calculation  gave  a  smaller  absolute  value  of  ,  since 
q  <  1  in  the  stage. 

Proceeding  from  the  overlap,  we  will  find  angles  of  inclination  of  the  flow  lines 
for  the  moving  cascade,  v They  are  given  in  Table  23. 

If  we  limit  ourselves  in  the  stage  calculation  only  to  the  introduction  of 
angles  and  Vg  into  the  flow  rate  and  dimensions  of  the  cascades,  then  only  angle 
and  the  outlet  velocity  triangles  for  ull  streams  should  be  recalculated.  It  is 
obvious  that  this  change  will  be  small  for  the  angles  and  Vg  ,  adopted  Ln 
the  given  extunple.  The  biggest  deviation  will  be  for  the  periphery,  where  Instead 
°f  Pg  n  =  ‘^°l6  ,  we  obtain  (3g  =  20°21  .  For  the  middle  section,  correoponding- 

Ly,  instead  of  fig  --  32°29  ,  we  obtain  (3g  =  31°37  .  All  accurate  values  of  fig  are 
presented  in  Table  23. 


V.  Mare  Accurate  Determination  of  Flow  Lines  in  the 
Meridional  Plane 

First,  We  evaluate  the  inlet  diffuser  s'  ction  of  the  diaphragm.  For  this  we 
use  formula  (289).  The  ratio  of  areas  at  the  entrance  to  the  diaphragm  and  in  front 
of  the  nozzle  cascade  is  Fq/Fq^^.813;  the  Mq  number  is  equal  to  0.31.  Let  us 
assume  that  =  0.5  arid  =  0.90.  Then  at  Cq  =  123  m/sec,  we  obtain  p^^  =  0.137 
bar  and  =  92.5  m/sec. 

From  Table  21  it  is  clear  that  =  i.00  is  attained  in  the  12th  stream.  We 

shall  unite  all  streams  from  the  root  to  the  12th  one  and  find  the  corresponding 

*  .  1 

value  of  lQ1  by  means  of  formula  (291) ;  further,  for  every  AG  we  determine  AlQi. 

Thus,  more  accurate  values  are  found  in  the  beginning  (at  entrance  to  nozzle  cascade) 

! 

for  the  flow  line  and  angles 

Practically,  cos  v'  as  compared  to  cos  v^s  was  changed  only  in  the  streams 
starting  with  the  15th  and  proceeding  through  the  21st.  The  variation  of  the  flow 
rate  is  also  calculated  for  these  streams: 

ag-~a  Gcosvi 

cos  v,  * 

It  should  be  emphasized  that  such  a  small  zone  along  the  length  of  the  blade, 
where  the  influence  of  the  change  of  the  position  of  the  flow  lines  is  noticeable 
as  compared  to  that  step  IV  of  the  calculation,  is  characteristic  only  for  stages 
with  approximately  constant  specific  flow  rate.  An  analogous  recalculation  of  the 
value  of  v2  should  have  been  made  for  the  rotor  blade.  However,  in  the  method  that 
we  adopted  for  twisting  the  rotor  blade,  when  angle  p2  is  found  from  the  constancy 
of  the  flow  rate  in  identical  streams  of  the  nozzle  and  moving  cascades,  this  is 
not  necessary. 

Inasmuch  as  angles  v ^  scarcely  differ  from  angles  in  our  example,  it  is  not 
necessary  to  perform  a  more  accurate  determination  of  the  calculation  of  P2  and  the 
outlet  triangles.  The  change  of  the  steam  flow,  as  compared  to  step  IV  of  the 
calculation,  is  very  small  and  amounts  to  a  total  of  0.02  kg/sec,  i.e.,  a  total  of 
0.0'$. 


VI.  Calculation  of  Stage  by  Means  of  Complete  Equation  of 

Radial  Equilibrium 

The  calculation  is  shown  in  Table  PH.  It  is  practically  necessary  to  recalculate 
all  the  data  in  Table  22.  From  it  there  remain:  lines  1,  2,  10,  15,  21,  22,  2Jt,  and 
also  the  condition  of  ^  =  20°  =  const  (strictly  speaking,  since  in  Step  V 
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calculation  wa  obtained  G*  —  Rn-7^  vrr/ca*  ,  , 

axn.a  u  -  50. 75  kg/sec,  which  is  less  than  the  given  value 

Of  C  .  52.0  kg/ sec ,  since  a*  ai,  should  be  increased  in  proportion  to  the  flow  rate, 

l.e.,  instead  of  a,  s*  =  20.0°  it  is  necessary  t„  take  a,  3f,  ,  20°3o'.  In  our 

example  we  will  not  perform  this  recalculation  for  the  sake  of  simplicity. 

Lines  5  and  3  are  used  from  Table  23. 

Sequence  of  calculation. 

For  the  nozzle  cascade,  as  compared  to  step  III,  the  following  change  is  intro¬ 
duced: 


AA,, 


.  ft  sin  a, 
cla - - - sin 


and 


\ 

inv,j 


4„=i£t(4._ 

fi  \  r 


,  c,sina,— £i, 

C,a  - - - - sm 


iinv.j. 


where  cu  -  =,  sin  u±  cos  »lf  c01  .  92.5  m/sec,  a  -  0.1  const  (width  of  nossle  blade 

or  more  exact  distance  on  axis  between  two  control  planes),  v  is  taken  from  line  2 
Of  Table  23. 

Analogously  to  step  III  of  the  calculation,  for  every  stream  we  construct  an 
Hlet  velocity  triangle.  However,  if  in  the  preceding  calculations  it  was  assumed 
that  the  available  heat  drop  of  the  stage  does  not  change  with  respect  to  height, 
then  velocity  .was  also  calculated  as  usual,  i.e., 

2  *=  2  r»~Aoi)* 

then  in  the  calculation  of  the  section  behind  the  rotor  blade,  by  means  of  the 
equation  of  complete  radial  equilibrium  of  the  stage,  it  will  be  constant. 


Therefore,  for  the  section  behind  the  rotor  blade,  we  find 


AA.  =  Ar.  M 

*V  r  c*> - r — sin  v,  —  cta - lil'ir. 


and,  analogous  to  this,  we  find  Ap2> 

Here  c2u>  c2a>  cla’  and  *2  are  “^ected  for  the  given  stream,  while  the  term 

(c2r)i-i  ls  selected  for  the  preceding  stream,  which  is  located  at  a  distance  of 
Arg  from  the  i-th  stream. 

The  available  heat  drop  of  the  moving  cascade  is  calculated  with  Ah„  taken 
into  account,  i.e.,  0 

-j.  A  A0  — A01. 
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Angle  32  is  found  by  the  following  formula: 


”  »*/ 


r^rt 

rt&rt 


sin  Pi  • 


COt  V| 
cot  v," 


It  should  be  borne  in  mind  that  the  reaction*  u/c^,  and  q0J1  of  each  stream 
are  determined  for  the  changed  value  of  hQ. 

The  results  of  the  calculation  are  shown  on  the  graphs  in  Figs.  287  and  288, 
where  they  are  represented  by  solid  lines.  These  graphs  permit  us  to  compare  the  re¬ 
sults  of  the  calculation  for  steps  III  and  VI.  From  this  comparison  we  note  i ha 
following  Important  features: 

1.  The  pressure  behind  the  stage,  and  consequently  also  the  available  heat 
drop,  essentially  change  with  respect  to  height. 

2.  Angle  £2  was  decreased  in  the  root  part  of  the  blade.  In  the  root  section, 
instead  of  fi1  -  p£  =  44°l6’  -  40°23’  =  3°43\  it  became  p±  -  P2  =  43°21 ' 22  -  5°; 

O  /*  * 

angle  P2  is  increased  in  the  upper  part,  and  on  the  periphery,  instead  of  20  io  , 
it  amounts  to  27°23  ; 

3.  The  relative  outlet  velocities  of  steam  from  the  moving  cascade  were 
noticeably  changed.  In  step  III  of  the  calculation  they  changed  from  root  to  tip 

from  M  =  1.04  to  1.58,  in  the  more  exact  step  VI  of  the  calculation,  M  <=  O.98  to 

•w2  w2 

I.78,  correspondingly. 

4.  The  efficiency  of  stage  was  increased;  it  was  calculated  for  an  available 
heat  drop  of  hQ  =  hQcp  =  185. 0  kj/Kg. 

One  should  note  the  low  value  of  the  efficiency  T)0JJ  of  the  upper  sections  in 
step  VI  of  the  calculation.  Although  in  steps  III  and  VI  of  calculation  it  is 
assumed  that  <p  and  are  identical,  and  for  the  upper  sections  in  step  VI  of  the 
calculation  we  obtained  angles  a2  that  were  closer  to  90°  than  in  step  III  of  the 
calculation,  the  more  exact  calculation  gave  a  lower  value  of  efficiency. 

This  is  explained  by  the  small  effectiveness  of  stages  at  very  high  velocities, 
when  expansion  beyond  the  limits  of  the  slanting  shear  does  not  create  effective 
performance  in  the  stage. 

If  wo  select  cascades  with  divergent  channels,  for  the  upper  sections,  as  this 
io  proposed  in  §  43,  then  there  will  be  no  deflection  of  the  flow  in  the  slanting 
shear  or  it  will  at  least  decrease,  and  the  efficiency  of  the  stage  in  this  section 
will  increase. 

3.  The  change  of  the  stage  reaction  with  respect  to  height  in  both  methods 


of  calculation  was  not  very  noticeable. 

As  a  result  of  the  more  accurate  calculation,  the  steam  flow  through  the  stage 
amounted  to  G  =  50-99  kg/sec,  and  the  efficiency  on  the  blades  (without  taking  into 
account  the  peculiarities  of  flow  of  moist  steam)  was  q  =  0.779- 

§  46.  FUNDAMENTALS  OF  DESIGNING  THE  LAST  STAGES  OF 
CONDENSING  TURBINES 

Selection  of  the  Law  of  Twisting  for  the 
Nozzle  Cascade  (see  &  3$) 

For  a  subcritical  flow  and  d/l  >  5,  practically  without  lowering  economy,  it  is 
possible  to  apply  nozzle  blades  of  constant  profile  (cylindrical).  In  this  case  it 
is  necessary  to  ?.ionitor  the  selection  of  the  number  of  blades,  ire.,  the  cascade 
pitch.  It  is  necessary  to  select  the  cascade  pitch  in  such  a  way,  so  that  there 
would  be  no  noticeable  deviation  from  the  optimum  value  of  relative  pitch,  if  -  t/b, 
in  the  root  or  peripheral  sections.  For  this  method  of  twisting  it  is  possible  to 
apply  the  model  stages  that  were  considered  in  §  1)9-  These  stages  have-  an  angle 
that  increases  from  root  to  periphery. 

For  a  subcritical  flow  and  5  <  d/l  <  5>  with  cylindrical  blading,  it  is  difficult 
ensure  optimum  pitch  IT  for  the  entire  height,  therefore  it  is  desii'able  to  twist 
the  nozzle  cascade.  Inasmuch  as  the  stage  efficiency  is  greatly  influenced  by  the 
cascade  economy,  especially  that  of  the  nozzle  cascade,  it  is  best  of  all  to  base 
our  methods  on  well  developed  and  checked  cascades.  Therefore,  for  such  a  stage  it 
is  perferable  to  have  the  nozzle  cascade  made  from  the  same  profile. 

Consequently,  it  is  necessary  to  Increase  the  profile  chord  from  root  to 
periphery.  Then,  if  this  chord  changes  in  proportion  to  the  radius,  while  the 
profile  and  its  angle  of  incidence  remain  constant  for  the  entire  cascade,  every 
section  will  have  a  constant  relative  pitch  tf.  It  is  obvious  that  it  is  not 
necessary  to  strictly  maintain  the  constancy  of  tf;  it  is  necessary  only  that  along 
the  entire  height  tf  be  in  the  optimum  zone  for  the  given  profile.  This  makes  it 
possible  to  change  the  chord  with  respect  to  height  not  in  proportion  to  the  radius, 
but  to  a  somewhat  smaller  degree.  Thinning  of  the  trailing  edge  is  favorable 
and,  if  the  requirements  of  technology  and  reliability  permit,  it  is  necessary  to 
select  the  edge  thickness  as  small  as  possible.  For  a  nozzle  cascade  with  variable 
chord  it  is  not  necessary  to  proportionally  increase  the  edge  thickness  to  the 
periphery;  it  is  possible  to  change  it,  retaining  the  allowed  minimum  A^.  There 
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stages  will  have  an  angle  aA,  that  changes  little  with  respect  to  height. 

For  a  stage  with  supersonic  flow,  in  the  lower  root  sections  it  is  necessary  to 
tv/ist  the  nozzle  cascade,  since  the  requirement  of  ensuring  small  losses  can  be 
carried  out  only  by  selecting  special  profiles  that  are  different  for  the  upper 
subsonic  and  the  lower  supersonic  sections.  For  such  stages,  in  particular,  the 
lav;  of  constant  specific  flow  rate  may  be  used.*  If  the  M  number  for  a  stage  in  the 
middle  section  amounts  to  Mc  =  clt/a  =  0.8  to  0.-9,  then  the  angle  along  the 

cascade  height  (without  taking  into  account  the  deflection  in  the  slanting  shear) 
will  remain  approximately  constant.  The  advantage  of  the  law  of  twisting,  i.e., 
constant  specific  flo w  rate,  as  compared  to  the  many  other  laws,  consists  in  the  more 
uniform  distribution  of  the  flow  rate  along  the  height,  and  also  in  the  fact  that 
in  first  approximation  it  is  possible  to  assume  that  the  meridional  flow  lines 
(for  rectilinear  restriction  of  the  flow  area)  are  straight.  This  essentially 
facilitates  the  calculation  of  the  stage  and  brings  the  calculation  closer  to  the 
true  character  of  a  three-dimensional  flow. 

For  limiting  stages  with  very  large  heat  drops  and  small  d/l  in  the  middle  sec¬ 
tion  M„  >  1,  and  the  constancy  of  the  specific  flow  rate  signifies  a  decrease 
of  the  angle  of  flow,  from  root  to  tip.  Actually,  with  the  constancy  of  angle 
,  due  to  an  increase  of  the  heat  drop  of  the  nozzle  cascade,  the  angle  of 

flow  a.  will  increase  toward  the  root.  Thus,  from  the  root,  where  M  is  maximum, 

1  C1 
angle  a .  will  increase  with  respect  to  height,  while  M,  >  1,  and  at  M.  =  1  angle 
1  .1  1 
al  =  1  further,  with  the  decrease  of  velocity,  the  constancy  of  the  specific 

flow  rate  requires  a  decrease  of  angle  a^. 

In  this  case  it  is  possible  to  use  formulas  [96): 


7^7  -  exP  !- 


•{‘Ml, 


(517) 


sin  at  = 


(318) 


x'fhis  law  of  twis tinr  was  first  proposed  by  V.  G.  Tyryshkin. 
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where 


r,*inn, 


—  =  const. 


(319) 


Equation  (317)  can  be  solved  only  by  numerical  integration;  if  the  stage  is 
calculation  in  a  region  where  it  is  impossible  to  apply  the  equation  of  an  ideal 
gas,  the  solution  of  equation  (317)  should  be  performed  with  the  help  of  finite 
differences,  as  done  in  the  preceding  paragraph. 

Figure  288  shows  the  results  of  the  calculation  of  a  stage  with  q  =  const. 

The  stage  is  calculated  for  operation  in  a  region  of  slightly  moist  steam;  d/l ^  = 

=  2.7;  (xcl)Cp  =  1*°3;  <P  =  <p(r);  n  =  p(p,  x). 

With  constancy  of  angle  =  20°  in  the  entire  zone  of  supercritical  flow, 

at  the  root  K  =  20°45  and  at  the  periphery  a.,  n  =  aln.3*  =22°35’.  rnus, 

O  * 

in  spite  of  the  large  change  of  the  radius,  ^  changes  by  a  total  of  2  35  ,  which 
makes  it  relatively  easy  to  select  the  effective  profiles,  -changing  the  magnitude  of 
the  cljprd,  of  course,  in  order  to  preserve  the  optimum  relative  pitch  t". 

The  same  graph  represents  the  curves  of  change  of  angle  for  a  stage  with  d/l 

=■  5  [96]  at  values  of  Cp  =  1.5,  1.0,  0.5,  and  0.  Calculation  is  performed  for 
k  =  1.135  and  without  taking  into  account  the  losses. 

For  twisting  according  to  the  lav?  of  constant  specific  flow  rate  for  a 

\ 

supersonic  flow,  in  the  lower  half  of  the  blade  the  angle  of  flow  will  be  the 
biggest  at  the  root.  Owing  to  this,  angle  p^  increases  at  the  root  and  profiling 
of  the  root  sections  of  the  rotor  blades  is  facilitatea.  As  already  indicated  in 
§  43,  at  small  angles  p^  it  is  difficult  to  profile  a  cascade  with  small  losses; 
in  this  case  not  only  the  profile  losses,  but  also  the  end  losses  will  be  great.  In 
connection  with  this,  an  increase  of  p^  at  the  root  has  a  favorable  effect  on  the 
flow  around  the  root  profile  of  the  moving  cascade.* 

Let  us  compare,  for  instance,  the  frequently  encountered  law  of  twisting, 


c^r  =  const,  with  the  law  q  =  const.  The  comparison  will  be  made  for  a  limiting 
stage,  where  the  numbers  equal  to  1  are  attained  approximately  on  the  mid¬ 
diameter.  The  requirement  of  c^r  =  const  for  such  a  stage  cannot  simultaneously 
ensure  the  condition  of  cfl  =  const,  i.e.,  the  main  advantage  of  this  law  of  twisting 


xHerc,  indeed,  the  moment  of  resistance  of  tne  profile,  V,'x,  decreases. 
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for  stages  where  it  is  possible  to  disregard  the  influence  of  compressibility.  At 
the  same  time,  according  to  this  law,  angle  will  be  minimum  at  the  root,  and 
maximum  at  the  tip.  As  a  result  of  this,  the  losses  will  increase  (both  profile  and 

end  losses)  at  the  root  sections  of 
the  nozzle  and  moving  cascade; 
the  losses  in  the  peripheral  section 
of  the  nozzle  cascade  will  decrease 
somewhat  (due  to  the  larger  angle 
c^),  profiling  will  be  complicated, 
and  the  losses  in  the  upper  section 
of  the  moving  cascade  will  increase 
(where  angle  p^,  which  increases  as 
increases,  is  very  great).  It 
is  possible  to  assume  that  the  cas¬ 
cade  losses  in  a  stage  that  is 
designed  according  to  the  law  of 
q  =  const  will  be  less  than  in  one 
designed  according  to  the  law  when 
ri^  increases  from  root  to  tip. 

However,  if  the  flow  in  the 
* 

nozzle,  cascade  occurs  with  velocities 
below  critical,  then  at  q  =  const  the  angle  will  increase  from  root  to  tip,  and 
at  Xj  ~  0  we  will  obtain  the  known  case  of  cyr  =  const.  For  a  subsonic  flow  it 
may  be  preferable  to  perform  twisting  at  a ^  =  const  (with  variable  chord);  if, 
however,  the  angle  in  such  a  stage  is  very  small  (for  instance,  the  next-to-the-last 
stage  of  a  large  turbine,  where  the  last  stage  is  a  limiting  one),  then  it  is  of 
value  to  change  the  angle  a.,  decreasing  it  toward  the  tip,  or  maintain  angle  a 1  = 

=  const  almost  along  the  entire  height.  Increasing  it  in  the  root  sections  and 
decreasing  it  in  the  peripheral  sections. 

When  selecting  the  law  of  twisting  for  the  nozzle  cascade,  i.e.,  the  dependence 
ct,j  =u(r),  one  should  consider  the  possibility  of  separation  of  flow.  The  works 
K.  Rammer t  and  H.  KlSukens  (ljl],  which  were  developed  at  KhPI  by  M.  Ye.  Levina  and 
P,  A.  human'  nko  [c>4],  and  the  investigations  conducted  at  MEI,  proved  that  separation 
of  flow  Ls  possiblt  in  the  root  sections  of  annular  cascades  (see  Chapter  VII).  This 


Fig.  P8r).  Change  of  outlet  angle  of  nozzle 
cascade,  depending  on  radius,  with  twisting 
according  to  constant  specific  rate,  q  = 

=  const. 
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separation  of  flow  may  occur  in  the  cascade  itself,  as  well  as  behind  it-  The 
possibility  of  this  separation  and  the  place  of  separation  depend  on  a  number  of 
factor's:  on  the  law  of  twisting,  i.e.,  the  dependence  a ^  =  a(r),  the  flare  d /l, 
the  angle  a ^  itself,  and  the  M  number;  the  meridional  curvature  of  the  flow  line, 
the  c" earance  between  cascades,  the  character  of  the  flow,  the  cascade  losses,  and 
so  forth.  A  detailed  analysis  of  the  influence  of  these  factors  is  given  in  the 
works  of  KhPI  and  in  the  preceding  chapter.  The  presence  of  separation  of  flow  is 
confirmed  by  many  experiments,  including  the  experiments  of  N.  Scholz  [152]  and 
D.  Shepherd,  the  experiments  conducted  by  M.  A.  Romanenko  at  KhPI  [65],  and  MEI 
experiments  (see  §  35).  Very  interesting  experiments  in  a  test  turbine  were 
conducted  by  A.  0.  Lopatitskiy  and  M.  A.  Ozernov  at  the  LMZ  laboratory.  In  the  root 
sections  of  the  rotor  blade  of  a  stage  with  d/l  =6.8  darkened  zones  of  deposition, 
of  particles  are  detected;  which  are  connected  with  the  separation  of  flow  behind 
the  nozzle  cascade,  and  also  in  the  moving  cascade. 

Calculations  of  a  cascade  with  distortion  of  the  meridional  flow  lines  showed 
that  the  data  of  Bammert  and  others  require  considerable  correction;  the  same 
also  pertains  to  the  calculation  of  the  influence  of  friction,  the  influence  of  the 
next  cascade,  and  so  forth. 

The  KhPI  [65]  conducted  Investigations  in  an  experimental  air  turbine  with 
dCp  --  248-418  mm  at  0  =  3.31 ,  4.32j  and  5.13>  angle  =  12-14°,  and  very  small 
flow  rates. 

For  a  cascade  with  0  =  5.13  and  =  12°,  with  cylindrical  blading,  the  experi¬ 
ments  showed  that  at  a  large  distance  behind  the  cascade  there  nevertheless  occurs 
separation  of  flow.  If  behind  the  nozzle  cascade  there  was  mounted  a  disk  with  rotor 
blades,  separation  of  flow  was  not  observed;  however  in  the  moving  cascade  there 
occurs  an  essential  distortion  of  the  flow  lines  which  Is  especially  noticeable 
when  there  is  a  largo  axial  clearance  between  cascades.  At  the  stage  outlet  almost 
half  of  the  height  (from  the  root)  admits  a  total  of  20$  of  the  flow.  It  is  necessary, 
indeed,  to  consider  that  the  moving  cascade  was  not  twisted  in  accordance  with  the 
variation  of  the  parameters  of  flow  behind  the  nozzle  cascade,  which  naturally 
influenced  the  distribution  of  parameters  and  flow  rates  behind  the  stage. 

For  a  stage  with  high  supersonic  velocities  (M  »  1.5),  selection  of  the  law 

C1  K 

of  twisting,  =•  a(r),  should  be  performed  in  such  a  way,  so  as  to  ensure  minimum 
|  )  losses  along  the  entire  cascade  height,  taking  into  account  the  requirements  of 

reliability. 
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In  this  case,  just  as  for  moderate  velocities  (M  ~  1)  and  d/l  >  J. 5-4.5, 

C1  H 

in  the  form  of  a  first  approximation  we  can  recommend  the  law  of  ~  const,  or 
a  **  const,  which  results  in  an  analogous  change  of  angle  =  a(r).  in  this  *tse, 
the  interblade  clearance  should  be  reduced  as  much  as  possible. 

For  ensuring  reliability  it  is  sometimes  necessary  to  decrease  in  the  root 

zone. 

Blading  with  a  noticeable  increase  of  angle  from  root  to  tip  (cylindrical, 
and  also  designed  according  to  the  law  of  cu«r  =  const)  should  be  recommended  only 
for  sufficiently  large  angles  >  30y),  large  d/l  >  4-5,  and  small  interblade 

clearances. 

Angle  for  the  moving  cascade  should  be  selected,  taking  into  account  the 

angle  p.,,  which  is  obtained  from  the  inlet  velocity  triangle.  As  indicated  in  §  45> 
for  cascades  where  p^  <  90°,  it  is  necessary  that  the  design  inlet  angle  be  some¬ 
what  less  than  the  calculated  p^,  and  for  cascades  where  p^  >  90°,  conversely. 

Pi  u  >  Pi* 

Angle  Pp  ^  for  the  moving  cascade  should  be  selected  from  the  conditions  of 
uniform  (corresponding  to  the  flow  in  the  nozzle  cascade)  distribution  of  flow  rates 
with  respect  to  height.  One  should  consider  the  change  (with  respect  to  height) 
of  the  flow  rate  coefficients  here.  This  is  especially  important  for  the  root  sec¬ 
tions,  where  the  coefficients  p  are  lower  than  in  the  middle  sections.  In  the 
calculation  c  f  angle  P0  ^  one  should  also  consider  the  possible  obstructions  of  flow, 
e.g. ,  wire,  thickening  of  profile,  stellite  linings. 

Selection  of  Meridional  Contour  of  Diaphragm 

For  the  last  stage  of  condensing  steam  turbines,  this  question  obtains  a  large 
value.  The  conditions  of  designing  a  low-pressure  flow  area,  in  distinction  from 
areas  of  high  and  intermediate  pressure,  do  not  make  it  possible  to  pass  from  stage 
to  stage  with  a  slight  increase  in  height.  The  height  of  the  blades  increases  es 
especially  sharply  in  the  ti'ansition  from  the  next-to-the-last  stage  to  the  limiting 
.last  stage,  and  also  af*°r  the  lower  level  of  Bauman's  stage. 

Turbine  plants  in  this  case  employ  various  solutions  (see  §  42).  A  detailed 
investigation  of  the  influence  of  the  meridional  contour  on  the  efficieu  of  a 
stage  for  actual  stage  parameters  has  not  been  conducted  by  us  and  is  not  described 
in  the  literature.  The  I,MZ  and  BITM  laboratories  conducted  investigations  of  uhe 
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influence  of  overlap  at  the  inlet  and  the  meridional  contour  in  air-driven  turbines 
(see  Chapter  VII). 

At  BITM,  Prof.  I.  I.  Kirillov  investigated  a  stage  with  d/l^  =  7.4  and 
cylindrical  meridional  restriction  of  the  flow  area.  He  investigated  different 
versions  of  an  inlet  conical  diffuser  having  a  cylindrical  contour  110  and  190  mm 
in  length  on  the  root  diameter  (mid-diameter  of  stage  was  560  mm);  the  external 
contour  of  the  diffuser (had  conicity  from  0°  to  60°.  The  diffuser  ended  at  a 
distance  o£  15  mm  from  the  entrance  to  the  nozzle  cascade  (this  entrance  section 
was  cylindrical).  The  author  indicates  that  since  the  experiments  were  conducted  for 
a  small  heat  drop  (Mcl  =  0.25)j  the  influence  of  losses  at  the  entrance  to  the 
stage  was  considerably  greater  than  in  actual  stages  > f  steam  turbines.  Thus,  even 
for  conicity  with  an  angle  of  20°,  the  kinetic  energy  at  the  entrance  amounted  to 
17#  of  the  total  heat  drop.  Let  us  recall  that  in  the  last  stage  of  the  K-300-240 
turbine  it  is  less  than  4$. 

Interesting  experiments  also  were  conducted  in  the  LMZ.  laboratory  by  engineers 
A.  0.  Lopatitskiy  and  M.  A.  OzernOv.  They  investigated  a  model  of  stage  No.  21  of 
the  LMZ  turbine  IIBK-200.  The  experiments  were  conducted  in  an  air-driven  turbine 
at  d/lg  =4.6  with  nozzle  blades  of  constant  profile  of  the  type  TC-2A  MEI  and 
with  twisted  rotor  blades  ($  40).  The  stage  was  tested  with  a  cylindrical  meridional 
contour,  with  overlap  at  the  entrance,  and  with  different  forms  of  meridional  con¬ 
tour.  The  stage  was  investigated  in  two  versions:  with  shrouded  and  unshrouded  rotor 
blades. 

In  the  LMZ  experiments,  the  variants  with  the  conical  contour,  starting  without 
a  clearance  directly  from  the  entrance  to  the  stage,  improved  the  stage's  economy. 

In  particular,  the  variant  with  the  very  large  overlap  (AIq/1^  =  0.52)  and  conicity 
24°  had  the  same  efficiency  as  in  the  initial  cylindrical  stage  (Pig.  298).  This 
is  indirectly  confirmed  by  the  MEI  experiments  with  the  last  stage  of  the  K'lZ 
turbine  AII-G  [100].  Unfortunately,  this  variant  was  not  Investigated  in  detail, 
and  Jt  is  possible  only  to  assume  that  in  this  case  the  flow  at  the  entrance  to 
the  nozzle  cascade  is  more  uniform. 

When  extending  the  results  of  the  LMZ  experiments  to  the  last  stages  of  con¬ 
densing  turbines  and  the  last  stages  of  large  gas  turbines,  one  should  consider  that 
the  LMZ  experiments  were  conducted  with  moderate  heat  drops  (Mq;1  «  0.5),  when  the 
kinetic  energy  of  the  inlet  velocity  amounted  to  2.5-5$. 
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In  spite  of  the  fact  that  there  are  fev;  experiments,  especially  with  actual 
M  and  Re  numbers,  on  the  influence  of  the  meridional  contour  and  overlap  at  the 
inlet,  it  is  possible  to  make  certain  preliminary  recommendations. 

1.  An  abrupt  transition  from  the  preceding  stage  to  the  diaphragm  of  the 
next  stage  has  an  unfavorable  effect.  The  external  diameter  of  the  entrance  to 
the  diaphragm  should  not  be  essentially  higher  than  the  external  dimaeter  of  the 
rotor  blade  of  the  preceding  stage. 

2.  The  diaphragm  should  have  a  conical,  or  close  to  conical,  diffuser  at  the 
entrance  to  tVie  nozzle  cascade,  which  can  end  in  front  of  the  nozzle  cascade  and 
should  smoothly  pass  into  the  cylindrical  contour  or  continue  inside  the  channel 
of  the  nozzle  cascade  itself.  The  conicity  of  the  diffuser  and  the  meridional 
contour  of  the  nozzle  cascade  should  not  be  large,  e.g.,  up  to  20-30°. 

A  conical  contour  of  the  cascade  itself,  especially  at  a  large  angle  of 
opening,  can  lead  to  the  fact  that  the  channel  of  the  nozzle  cascade  will  appear 
divergent  in  the  upper  part  and  the  losses  in  the  end  will  increase;  therefore, 
it  is  best  of  all  at  the  end  of' the  channel  to  have  a  smooth  transition  from  a  cone 
to  a  cylindrical  configuration  or  to  a  cone  with  a  smaller  angle. 

It  should  be  noted  that  the  presence  of  a  conical  diffuser,  and,  all  the  more  so, 
a  conical  meridional  configuration  of  the  nozzle  cascade  when  designing  a  stage, 
requires  the  calculation  of  the  influence  of  distortion  of  the  meridional  flow 
lines.  The  procedure  for  this  calculation  was  outlined  in  the  preceding  paragraph. 

It  is  especially  important  to  consider  the  change  of  the  steam  flow  rate,  which  is 
confirmed  not  only  by  calculation,  but  also  by  experiments. 

3.  The  inlet  diffuser  of  the  stage  should  not  have  large  losses,  i.e., 
should  be  sufficiently  high.  Practically,  corresponds  to  the  utilization  factor 
of  the  outlet  velocity  from  the  preceding  stage  (but  it  is  not  equal  to  it,  since 
the  velocity  at  the  entrance  to  the  cascade  is  less  than  the  outlet  velocity  of 
the  preceding  stage). 

Of  great  importance  is  the  uniformity  of  the  flow  at  the  diffuser  outlet,  i.e., 
in  front  of  the  nozzle  cascade,  since  the  effectiveness  of  the  cascade  itself  depends 
on  this. 

At  ME I,  A.  Y o.  Zaryankin  conducted  some  interesting  investigations  in  conical 
and  annular  diffusers,  the  results  of  which  can  be  used  when  designing  and  cal¬ 
culating  the  diaphragms  of  steam  turbines. 
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The  experiments  showed  that  in  the  zone  of  angle  7  from  8  to  20°  the  influence 
of  the  M  number  is  not  great. 

The  change  of  the  loss  coefficient  here  is  practically  linear  and  it  is  caused 
only  by  the  increase  of  length  of  the  diffuser,  i.e.,  it  is  not  connected  with  the 

cone  angle-.  This  obviously  is  also 
confirmed  by  the  experiments  where 
separation  of  the  boundary  layer  is 
not  observed.  With  the  increase  of 
angle  7  to.  more  than  20°,  the  losses 
already  essentially  increase. 

Apparently,  separation  of  the  boundary 
layer  is  indicated  here. 

It  is  obvious  from  what  was  said 
that  conicity  of  the  diffuser  preceding 
the  nozzle  cascade  is  permissible  to 
20-30°. 

Tests  of  a  diffuser  with  various  configuration  at  identical  f  and  L,  i.e., 
diffuser  length,  the  results  of  which  are  represented  in  Fig.  290,  showed  that  the 
losses  in  a  conical  diffuser  (angle  7  =  11°20  )  in  a  wide  range  of  M  numbers  almost 
do  not  depend  on  velocity.  The  so-called  isogradient  diffuser  (curve  3  on  Fig.  290) 
has  its  main  expansion  in  the  outlet  portion.  Diffuser  2,  conversely,  has  a  sharp 
increase  of  area  immediately  after  the  inlet.  This  diffuser  is  preferable  for  low 
(to  M  =  0.4)  velocities.  With  the  increase  of  the  M  number,  in  this  diffuser  there 
appear  considerable  positive  pressure,  gradients  at  which  the  losses  due  to  separation 
increase. 

Thus,  at  low  M  numbers  less  than  0.4,  a  diffuser  with  a  sharp  change  of  area  in 
the  inlet  section  is  somewhat  more  preferable  than  a  conical  diffuser,  which  is 
better  for  high  velocities. 

Selection  of  Other  Design  Characteristics  of  a  Stage 

Above  we  considered  the  question  of  such  geometric  characteristics  of  a  stage 
as  the  change  of  angles  0(^,  p^,  pg  0^,  and  the  meridional  configuration  of  the 
dlanhragm.  However,  this  is  not  sufficient  for  forming  a  stage.  It  is  necessary 
to  Know  how  to  select  the  profile  chord,  trailing  edge,  blade  incidence,  overlap,  etc. 


Fig.  290.  Influence  of  diffuser  shape  and 
Mq  number  on  losses.  MEI  experiments  at 

f  =  F1/Fq  =  2.33. 
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First  we  shall  discuss  the  geometric  characteristics  of  profiles.  The  pitch 
of  the  nozzle  cascade  must  be  selected  on  the  basis  of  the  characteristics  of 
separate  sections.  As  a.  rule,  this  leads  to  an  increase  of  chord  from  root  to 
tip.  Inasmuch  as  the  dependence  of  losses  on  pitch  is  very  linear  with  the  increase 
of  t,  in  most  cases  it  is  not  necessary  to  increase  the  chord  in  proportion  to  the 
radius;  it  is  quite  permissible  to  increase  the  chord  to  a  smaller  degree.  Selection 
of  the  absolute  value  of  chord  b  of  the  nozzle  cascade  also  should  be  decided  from 
the  position  of  minimum  losses,  if,  of  course,  it  is  not  limited  by  strength.  On 
the  one  hand,  a  decrease  of  chord  is  favorable,  since  this  lowers  the  end  losses; 
on  the  other  hand,  it  may  be  unfavorable,  since  the  Reynolds  number  decreases. 

In  general,  the  problem  concerning  the  determination  of  optimum  chord  can  not 
be  solved  at  this  time.  For  the  end  losses  it  is  possible  to  use  the  dependences 
that  are  known  in  literature  [22].  It  is  true  that  these  formulas  do  not  consider 
the  peculiarities  of  supersonic  flow  and  they  pertain  to  straight  cascades,  not 
annular  ones.  Earlier  (see  §  35  and  43)  it  was  shown  that  the  end  losses  will  be 
greater  in  annular  cascades.  If  for  stream  turbines  in  stages  of  high  and  inter¬ 
mediate  pressure,  just  as  in  gas  turbines,  the  Reynolds  numbers  are  so  high  that 
their  influence  is  usually  disregarded,  then  for  the  last  stages  of  condensing  tur¬ 
bines  this  is  impermissible. 

For  cascades  at  subsonic  flow  rates  there  is  rather  limited  material  concerning 
the  influence  of  the  Re  number  on  losses.  For  supersonic  flows  and,  in  particular, 
for  cascades  with  expanded  channels,  these  data  are  still  insufficient  for  obtaining 
generalized  characteristics;  therefore,  the  solution  of  the  problem  concerning 
the  optimum  value  of  chord  is  possible  only  for  a  specific  case,  if  there  are  the 
following  dependences  for  it: 

6,  =  /(//&.  Re,  6/0  =  /' (6); 

t,„  =  /(’Re)  =  /'(6);  (320) 

where  Re  =  bc^/v^. 

Inasmuch  as  in  this  chapter  we  are  concerned  with  relatively  long  blades,  for 
which  the  chord  changes  along  the  radius,  it  Is  of  value  to  refer  all  losses  not 
to  the  entire  length,  but  only  to  a  certain  section  of  the  blade,  starting  from  the 
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root,  and  thus  select  the  chord  for  this  root  section.  In  this  case,  naturally, 
by  l  we  imply  not  the  entire  blade  height,  but  only  the  height  of  a  section.  The 
height  i  of  the  root  section  should  be  at  least  no  less  than  the  zone  of  propagation 
of  end  phenomena  on  the  order  of  100  mm. 

The  sum  of  the  losses  in  the  root  section  of  the  blade  will  be  equal  to 

t  =  t«  +  U  +  U  =  /(*)• 


We  shall  consider  an  examp  e  of  the  root  section  of  the  nozzle  cascade  of  a 
limiting  stage,  which  was  investigated  in  detail  at  MEI  (see  §  43). 

Let  us  assume  that  all  sections  of  the  root  portion  are  under  approximately 
equal  performance  conditions  (Re,  M).  Here  the  M  number  is  1.5. 

The  profile  losses  in  this  cascade  will  be  estimated  by  means  of  the  following 
empirical  formula  (for  Re  >  3*10^): 


t  =  (oj6^L\b-o.t 

W  Rc0-2  V  )° 


The  end  losses  on  a  100-mm  section  for  an  annular  cascade  (—■  0.13, 


=  13°) : 


tr  =  0,28 -f  Re-«=  (-T^r)  b°-*- 


The  edge  losses  (see  §  4)  at  AKp  =  1.5  mm  and  t  «  0.56 


t 


0,004 


*p  b 


Then  for  l  =  0.1  in,  c^t  =  570  m/sec,  and  =  8.5'iO-2  m2/sec,  we  obtain  the 
total  losses: 


c  =  0,03266~0'2  +  0.11660-8  +  0,00246-'. 


Minimum  total  losses  are  attained  at  b  »  180  mm;  however,  in  the  optimum  zone 
the  dependence  f,  =  f(b)  is  very  linear.  Thus,  at  b  =  150  mm  the  losses  increase 
by  a  total  of  0.02$,  i.e.,  by  a  disregardable  quantity  that  is  essentially  less 
than  the  accuracy  which  the  formulas  for  £  give. 

For  the  middle  of  the  nozzle  cascade  it  is  possible  also  to  find  the  optimum 
value  of  chord.  Here  one  should  consider  the  influence  of  the  Re  number  on  the  pro¬ 
file  losses,  the  influence  of  chord  on  the  edge  losses,  the  influence  of  chord  on 
relative  pitch,  and  consequently,  on  the  profile  losses.  The  influence  of  chord  on 
the  end  losses  in  this  zone,  naturally,  is  not  considered. 
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For  the  upper  section  of  a  blade  it  is  necessary  also  to  consider  the  influence 
of  the  meridional  configuration  of  the  diaphragm. 

It  is  obvious  that  the  selection  of  optimum  chord  of  the  nozzle  cascade  is 
possible  only  in  the  presence  of  a  large  number  of  experimental  data  obtained  for 
different  cascades  investigated  in  a  wide  range  of  variation  of  M  and  Re  numbers. 

Our  statements  concern  not  only  straight  cascades,  but  also  annular  ones  with 
different  types  of  meridional  configurations. 

The  trailing  edge  of  a  nozzle  blade  should  be  minimum,  as  much  as  the  require¬ 
ments  of  reliability  and  technology  of  manufacture  permit;  in  root  supersonic 
sections,  a  rounded  edge  may  be  expedient. 

Selection  of  the  chord  of  a  rotor  blade  is  determined  by  the  same  factors  as 
for  a  nozzle  blade.  If  it  is  a  question  of  blades  that  are  not  limited  with  respect 
to  their  strength  characteristics,  for  instance  the  next-to-the-last  stages  or  last 
stages  of  small  and  imtermediate  turbines,  the  chord  should  be  selected  py  proceeding 
from  minimum  losses.  In  distinction  from  the  nozzle  cascade,  the  Re  number  is  less 
here  (especially  in  the  root  sections)  and,  at  the  same  time,  the  end  losses  are 
greater  due  to  the  large  deflection  of  flow  and  the  lower  velocities  in  the  root 
sections. 

For  last  blades  of  limited  dimensions,  the  selection  of  chord  is  almost  completely 
determined  by  the  strength  characteristics.  However,  in  this  case  it  is  also 
necessary  to  know  and,  if  necessary,  to  numerically  estimate,  now  the  cascade 
effectiveness  will  change  when  the  chord  is  changed. 

Selection  of  the  thickness  of  the  trailing  edge  of  the  rotor  blade  profile 
of  all  stages  except  last  ones,  is  determined  by  the  conditions  of  reliability 
and  technology.  From  the  point  of  view  of  the  possibility  of  using  the  outlet 
velocity  in  the  following  stage,  the  edge  should  be  minimum. 

For  the  last  rotor  blade  of  a  turbine,  the  question  concerning  the  selection  of 
the  thickness  of  the  trailing  edge  is  specific.  In  limiting  stages  the  flow  past 
the  entire  blade  or,  forthe  most  part,  past  its  length  at  the  cascade  outlet,  is 
supersonic.  Consequently,  the  edge  losses,  including  the  mixing  losses,  as  well 
as  processes  taking  place  behind  a  cascade  in  a  supersonic  flow,  practically  will 
not  affect  the  character  of  flow  inside  the  cascade  or  the  distribution  of  pressure 
and  velocities,  along  the  profile.  Thus,  there  will  practically  be  no  cnange  in  the 
magnitude  of  the  force  P  created  by  the  steam  in  the  stage,  which  also  means  the 


effectiveness  of  the  stage. 

The  flow  process  occurring  outside  the  last  cascade  will  affect  the  losses  in 
the  outlet  duct  of  the  machine;  however,  for  real  ducts  of  condensing  turbines, 
the  influence  of  the  thickness  of  the  trailing  edge  on  the  duct  losses  is 
practically  imperceptible. 

Consequently,  for  the  last  cascade  with  supersonic  velocities,  the  thickness 
of  the  trailing  edge  within  limits  up  to  =  2-3  mm,  in  itself,  almost  does  not 

xp  -  - 

influence  the  effectiveness  of  the  stage,  and  it  should  oe  selected  (taking  into 
account  reliability)  in  such  a  way  as  to  ensure  ah  optimum  channel  shape  in  a 
cross  section.  In  this  case,  for  certain  supersonic  sections,  where  it  is  preferable 
to  have  reverse  concavity  of  the  profile  back  in  the  outlet  area,  it  may  sometimes 
be  expedient  to  employ  edges  that  are  thicker  than  required  by  the  conditions  of 
technology  of  manufacture  and  reliability. 

It  is  obvious  that  also  for  a  subsonic  flow,  the  process  occurring  outside 
the  cascade  practicably  will  not  determine  the  magnitude  of  Pu;  therefore,  in  this 
case  also,  the  edge  losses  should  not  enter  as  components  into  the  balance  of  the 
stage  losses.  However,  for  a  subsonic  flow,  a  change  of  the  thickness  of  the 
trailing  edge  leads  to  a  change'  of  the  flow  in  the  edge  wake  and  in  the  pressure 
distribution  behind  the  edge,  which  affects  the  character  of  flow  inside  the  channel, 
and  as  a  result,  the  effectiveness  of  the  cascade.  Here  the  question  about  the 
selection  of  trailing  edge  thickness  should  be  solved  concretely,  depending  upon 
the  configuration  of  the  cascade  and  the  behavior  of  the  flow.  However,  It  is 
obvious  that  the  influence  of  the  thickness  of  the  trailing  edge  is  different 
for  a  last  stage;  it  is  less  than  for  other  cascades,  and  its  Increase  in  a  number 
of  cases  may  be  expedient. 

Selection  of  the  rxial  clearance  between  cascades,  as  already  noted  earlier 
(see  §  22),  is  determined,  on  the  one  hand,  by  the  increase  of  mixing  losses  with 
the  increase  of  this  clearance  and  ’with  another  smaller  nonuniformity  at  the 
entrance  to  the  moving  cascade.  Experiments  on  the  study  of  the  Influence  of  the 
axial  clearance  on  the  economy  of  a  stage  were  conducted  at  very  low  subsonic 
velocities  and  without  taking  into  account  the  specific  peculiarities  of  last 
stages;  therefore,  they  cannot  be  used  for  selecting  the  optimum  value  of  the 
clearance. 

It  should  also  be  stressed  that  in  a  number  of  stages  (depending  upon  the  law 
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of  twisting,  the  flare,  angle  a^,  etc.)  separation  of  flow  is  possible  in  the  root 
sections  at  a  certain  distance  behind  an  annular  cascade.  For  such  stages  (see 
{  35)  it  is  desirable  to  maintain  ah  axial  clearance,  especially  in  the  root  area 
of  the  blades;  this  clearance  should  be  as  small  as  the  requirements  of  reliability 
permit  (see  Chapter  VII). 

The  influence  of  overlap  for  the  last  stages  of  condensing  turbines  almost 
v/as  not  investigated.  With  the  flow  of  moist  steam,  for  decreasing  blade  erosion 
and  large  suction  of  moisture,  frequently  zero  overlap  or  even  a  small  negative  one 
is  employed  on  the  periphery.  Bowing  of  the  nozzle  blades,  which  makes  it  possible 
to  somewhat  decrease  the  change  of  the  reaction  along  the  radius,  ,1s  expedient 
(see  §  39);  however,  it  still  has  not  undergone  an  experimental  check  in  a  test 
turbine  that  simulates  the  flow  in  the  last  stages  of  condensing  turbines.  After 
these  experiments  are  performed.  It  will  be  possible  to  make  concrete  quantitative 
recommendations  on  the  selection  of  blade  angle  and  curvature. 
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■CHAPTER  IX 


GENERALIZED  ECONOMY  GRAPHS  AND  CALCULATION  OP  MODEL  STAGES 
When  designing  a  turbine,  practically  for  all  stages  with  the  exception  of 
limiting  stages  of  large  condensing  steam  turbines  and  certain  special  turbines,  it 
is  possible  to  use  cascade  combinations  of  model  stages  that  have  been  tried  out 
and  checked  beforehand  in  experimen*al  turbines.  In  this  case  it  is  best  to  use 
generalized  graphs  that  are  constructed  on  the  basis  of  numerous  investigations 
which  have  been  discussed  in  the  preceding  chapters. 

We  shall  discuss  the  procedure  for  calculating  model  stages  for  three  types 
of  stages:  a  single-wheel  stage  with  cylindrical  blading,  a  single-wheel  stage 
with  variable  blading,  and  a  double-wheel  velocity  stage. 


§  1*7.  SINGLE-WHEEL  STAGES  WITH  CYLINDRICAL  BLADING 
We  shall  first  determine  the  basic  dimensions  of  the  nozzle  cascade.  The 
area  of  its  outlet  section  is  found  by  the  following  formula: 


BV\lV  Pt'v* 


(521) 


where  p0[N/in  ]  and  v0fmvkg]  are  the  parameters  of  the  stagnant  flow  before  the 


stage. 


Here  q  is  the  relative  flow  rate,  which  is  determined  by  means  of  gas-dynamic 
tables  depending  upon  the  pressure  ratio  in  the  cascade,  =  P^/Pq'  Bt  is  a  numeri  ',J-1 
coeflicient  that  is  determined  by  the  isentropic  exponent  k. 

For  k  *•  1.5,  Bl  ^  0.661  j  for  k  =  1  .»!,  Bt  =  0,67ji. 

Inasmuch  a:*  all  stages  must  be  designed  with  a  small  positive  reaction  in  the 


root  section,  the  rcacton  p  on  the  mid-diameter  d  may  be  assumed  to  be  greater  than 
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’  and  Pressure  ratio  in  the  nozzle  cascade  is  found  by  the  following. 

formula: 


e  4 •  C  (1  —  e). 


(322) 


If  e±  5  £*,  then  q  =  1. 

Instead  of  formula  (521),  frequently  for  a  subcritical  flow  it  is  more  con¬ 
venient  to  use  the  continuity  equation: 


Co,  t 


(323) 


Here  vlt  is  the  specific  volume  behind  the  nozzle  cascade;  it  is  determined 
for  an  isentropic  flow  process;  c^t  is  the  theoretical  discharge  velocity  of  the 
nozzle  cascade;  it  is  calculated  on  the  basis  of  the  parameters  of  the  stagnant 
flow  before  the  cascade. 

Various  initial  conditions  are  possible  when  designing  a  stage.  Let  us  first 
coivsider  the  case  of  full  input  of  the  working  medium.  If  a  single  stage  is  being 
calculated,  usually  the  mid-diameter  d  of  the  nozzle  cascade  is  known  from  a 
preliminary  calculation  and,  thus,  the  following  product  is  determined: 


^sin 


(324) 


Then  for  a  selected  cascade  we  v/ill  know  a ^  and  is  then  calculated. 

The  dimensions  of  the  moving  cascade  are  found  for  a  given  combination 
according  to  the  optimum  ratio  (P^/^oriT  (see  chaPter  IV)  and  the  an6le  32  3d)'  i*6** 


r* 


nd  sin  p.  Mp 


(325) 


For  stages  with  cylindrical  blading,  as  a  rule,  the  diameters  of  the  nozzle 
and  moving  cascades  are  practically  equal.  In  another  case,  into  formulas  (323) 
and  (2P‘>)  we  substitute  different  values  of  d. 

After  determining  ln  by  formula  (325) >  it  is  necessary  to  check  the  overlap. 

II*  It  exceeds  the  limits  that  were  recommended  earlier  (see  Chapter  IV),  either 
the  ratio  (F. on<1  or  the  angle  p0  ^should  be  changed;  small  deviations  of  these 
quantities  from  the  optimum  value  practically  do  not  affect  economy,  but  can  somewhat 
change  the  magnitude  of  p,  and  consequently,  the  flow  rate  through  the  stage. 
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A  decrease  of  Fg/F^  leads  to  an  increase  of  the  reaction.  The  reaction  is 
then  increased  by  Apr 


Afi  =0,7  [l 


(F.'F,)  I 
{Ft’F,um  J 


(326) 


Then  the  area  of  the  nozzle  cascade  F^  should  be  changed  as  compared  to  F^, 
which  is  found  by  formula  (321).  This  ratio  F^/F^  is  determined  by  either  a  detailed 

calculation,  or  by  means  of  the  graph 
in  Fig.  291. 

A  deviation  of  p2  s $  from  the 
recommended  value  renders  an  insignificant 
influence  on  the  area  F^  (at  the  same 
Fg/F^),  and  it  is  usually  disregarded. 

In  general,  the  accepted  value  of 
F^/F^  cannot  correspond  to  the  selected 
value  of  p.  For  a  subcritical  flow, 
this  will  lead  to  an  error  in  the 
determination  of  F1. 

It  is  necessary  to  check  the  actual 
reaction  p,  determining  it  first  by  means 
of  Fig.  50,  and  then  determine  the  exact 
value  of  F±  by  formula  (321)  or  (323). 

In  most  cases  this  exact  determination  will  be  insignificant. 

If  a  group  of  stages  is  being  calculated,  then  for  all  the  blading  of  the  group 
it  is  desirable  to  retain  blades  that  have  identical  profiles  and  the  same  pitch  t  in 
the  root  section.  Inasmuch  as  such  a  group  of  stages  ...ually  is  designed  with  a 
constant  root  diameter,  the  relative  cascade  pitch  on  the  mid-diameter  will  increase 
from  stage  to  stage. 

Area  F^ ,  which  is  determined  by  formula  (321),  is  found  for  each  stage  of  the 
group  not  only  for  different  parameters  of  the  stagnant  flow  (pQ,  vQ),  but  also 
for  different  inasmuch  as  d/l,  and  consequently,  the  reaction  on  the  mid- 
diameter,  will  be  different  for  each  stage. 

For  any  stage  of  the  group,  the  root  diameter  dK  =  d  -  l  and  all  cascade 
dimensions  in  the  root  section  will  be  given,  i.e.,  angle  (0^  3^)  K  : 


Fig.  291.  Change  of  area  of  nozzle 
cascade,  calculated  by  formula  (321)  for 
a  deviation  of  the  area  ratio  (Fg/F^ ) 

from  the  optimum  value,  (Fg^l^onT  (for 

calculating  the  dimensions  of  a  stage 
with  cylindrical  blading). 
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(327) 


Here,  for  determining  F^,  it  is  assumed,  that  in  a  cascade  of  constant  profile 

tg  aj*  =*: -£rte  (“»*)«• 

After  calculating  F1  beforehand  by  formula  (321),  for  which  it  is  necessary 
to  first  know  the  ratio  d/l ,  it  is  possible,  knowing  d  K  and  a±  v  .,  to  solve  equation 

(327)  with  respect  to  l^. 


After  that,  a  more  accurate  value 
of  d/l  and  should  be  found. 

For  convenience  of  calculation. 
Fig.  292  graphically  represents 
formula  (327). 

After  taking  the  optimum 
value  of  (F2/F1)onT  and 
determining  the  area  of  the 
moving  cascade  F2>  we  calculate 
the  height  of  the  moving  cascade 
l 2  by  the  following  formula: 


p,  [a, clevis P,.-). 


(328) 


This  procedure  is  similar  to  the  one  followed  above  for  the  nozzle  cascade  in  Fig. 

292. 


The  blade  efficiency  q  QJ!  of  a  stage  with  cylindrical  blading  composed  on  MEI 
cascades  may  be  determined  by  generalized  graphs  [103]  that  have  been  constructed 
on  the  L tsis  of  experimental  data  and  theoretical  calculations  given  in  the  preceding 
chap tors  of  this  book. 

KITleieney  is  calculated  as  the  product  of  the  primary  value  of  efficiency  q'^ 
times  a  number  of  correction  factors.  Figure  293  presents  a  graph*  of  primary 


*The  graph  in  Fig.  ?93  was  constructed  on  the  basis  of  the  results  of  stage 
tests  that  were  not  conducted  under  simulated  conditions,  but  with  the  real  plant 
technology  of  manufacture.  In  all  doubtful  cases,  in  case  of  divergence  of  the 
results  of  experiments,  and  so  forth,  the  lowest  value  of  economy  was  taken;  there¬ 
fore,  the  efficiency  calculated  according  to  Fig.  293  is  taken  with  a  certain  reserve. 
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efficiency  i|^  depending  upon  u/c  ^  and  nozzle  cascade  height 

l,)~ 


Here  u  is  determined  for  the  mid-diameter  of  the  nozzle  cascade,  while  c^ 
is  calculated  for  the  entire  stage  drop,  starting  from  the  stagnation  parameters 
before  the  nozzle  cascade  to  the  static  pressure  behind  the  moving  cascade. 

<*-=vW T$- 

The  graph  of  Fig.  295  was  constructed  for  the  following  geometric  and 
physical  parameters: 

1.  MEI  cascade  combinations:  K&-1-2A;  K&-2-2A;  KU-2-3A  (see  Table  8). 

2.  Welded  diaphragm  with  unprofiled  cylindrical  shrouds. 

5.  Ratio  of  stage  diameter  to  height  of  nozzle  cascade,  d/l^  =  20. 

4.  The  ratio  of  outlet  (throaty):  areas  of  the  moving  and  nozzle  cascades, 

Fg/F^  =  1.50-1.75. 

5.  Chords  of  cascade  profiles:  nozzle,  b^  =  52  mm;,  moving,  bg  =  26  mm. 

6.  Thicknesses  of  trailing  edges  of  profiles: 

Am  =  0,6  //.itmd  Ay,.  0,5  j«.u. 


7.  Overlap,  2. 5-5. 5  mm. 

8.  Shroud  of  moving  cascade  can  be  cylindrical,  as  well  as  conical,  with  an 
increase  of  cascade  height  in  the  direction  of  steam  flow.  In  last  case,  an 
obligatory  condition  is  the  preservation  of  channel  convergence. 

9.  The  total  axial  clearance  —  the  distance  between  the  trailing  edges  of  the 

nozzle  cascade  and  the  leading  edges  of  the  moving  cascade  —  5-7  mm.  Peripheral 
stage  sealing,  i.e.,  the  axial  clearance  between  blade  shroud  and  diaphragm  (open 
clearance),  b„  =  1  nun;  two  radial  seals  above  the  shroud  with  clearance  5  «-  1  mm. 

'  ci  p 

In  this  case  there  is  no  steam  leakage  through  the  root  clearance. 

In  all  deviations  from  the  enumerated  geometric  characteristics  the  efficiency 
can  change,  in  consequence  of  which  if  is  necessary  to  introduce  corrections. 

The  correction  kKep  is  introduced  for  meridional  profiling  of  the  nozzles. 

It  is  assumed  that  the  meridional  configuration  is  executed  according  t<-  the  MEI 
method  and  the  recommendations  given  in  this  book.  The  area  rate  here  changes 
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somewhat,  since  with  the  recommended  minimum 
permissible  root  reaction  it  is  possible  to 
lower  the  reaction  on  the  raid -diameter. 

When  introducing  meridional  profiling, 
one  should  certainly  consider  the  shift  of  the 
minimum  section  into  the  region  of  the  cross 
section,  as  a  result  of  which  there  will  occur 
a  certain  increase  of  the  outlet  area  (see  § 

10). 

The  correction  for  meridional  profiling 
kMep  is  given  depending  upon  the  cascade 
height  ’  and  is  represented  in  Fig.  29^a.  A 
correction  is  given  there  for  flare  k which 
indicates  the  dependence  of  efficiency  on  the 
d/l  ratio. 

A  correction  for  deviation  of  the  area  ratio  is  not  introduced,  since  it  is 

assumed  that  the  optimum  ratio  Fg/F^  has  been  taken.  However,  the  further  change 

of  F./F,  is  considered  when  calculating  the  reaction  at  the  root  and  tip,  and  also 

its  influence  on  economy,  in  corrections  for  the  pressure  ratio  in  the  stage  and, 

finally,  when  computing  the  losses  with  the  outlet  velocity. 

Figure  f'Ollb  gives  corrections  kb  for  the  profile  chord  of  the  nozzle  cascade 

and  the  moving  cascade  b?,  which  are  also  given  depending  upon  height.  A 

correction  for  the  chord  of  the  nozzle  cascade  is  introduced  only  for  a  cylindrical 

meridional  configuration.  For  special  meridional  profiling,  it  is  assumed  that  the 

chord  b  is  selected  in  accordance  with  our  recommendations. 

Corrections  k.  for  the  thickness  of  the  trailing  edge  of  the  nozzle  A„n  . 

A  !tp  KP  1 

and  the  moving  A^p  2  cascades  are  given  in  Fig.  29*la, 

'Plie  performance  parameters,  for  which  the  graph  of  the  primary  efficiency  H0J1 
was  constructed  in  Fig.  295  have  the  following  values: 

1.  AngLe  of  entrance  into  nozzle  cascade,  aQ  =  70-110°. 

2.  Pressure  ratio  in  stage  (with  respect  to  stagnation  parameters  at  entrance), 
Pe 

C  *  ~  r-  o.  O', -0.79. 
p<> 

5.  Fictitious  Reynolds  nimber,  Re^  =  •*  5*10^,  where  c^  =  V 2h~.. 


Fig.  293.  Primary  efficiency  of 
MRI  single-wheel  stages  with 
cylindrical  blading. 


l.s  eui  -ui-iii-i!  for  i  lie  entire  stage  drop  depending  on  the  stagnation  parameters;  r.  it 


Fig.  29*1.  Correction  factors  are  calculating  the  efficiency  of  a  single-wheel  stage 
with  cylindrical  blading:  a)  corrections  for  meridional  profiling  of  nozzle 

cascade,  depending  upon  height  l^j  for  flare  k^^,  depending  upon  d/l,  and  corrections 

for  thickness  of  trailing  edge  of  nozzle  k^  Kp  ^  and  moving  KD  2  cascades;  b) 

corrections  for  chord  of  nozzle  k^  and  moving  k^2  cascade,  depending  upon  height. 

For  cascades  of  group  "K,"  the  increase  in  efficiency  is  considered  by  the  upper 
curve  of  kMep. 

the  kinematic  viscosity  of  steam  behind  the  stage;  it  is  calculated  for  an  isentropic 
process  of  expansion, 

4.  Gas  or  superheated  steam.  2 

c? 

5.  The  kinetic  energy  of  the  outlet  velocity  is  completely  lost.  In  case 
of  deviations  of  the  performance  parameters  from  the  above-indicated,  correction 
factors  are  Introduced. 

If  there  occurs  a  change  of  the  inlet  angle  of  flow  in  the  stage  with  a  possible 

off -design  ratio  u/c.1,  of  the  preceding  stage,  the  correction  k  is  introduced,  which 

’  a0 

depends  upon  angle  aQ  and  the  relative  height  of  the  nozzle  cascade  Z^/b,  as  shown 
in  Fig.  299. 

It  should  be  recalled  that  it  is  possible  to  avoid  a  decrease  of  stage  economy 

in  this  case  by  applying  special  profiles  deve]oped  at  MEI  (see  Chapter  IV).  Then 

k  n  i  also  at  small  angles  aA. 

<l0  u 

In  case  of  a  change  of  e  =  Pj/Pq,  the  correction  k£  is  introduced,  which  also 
depends  on  the  area  ratio  Fg/F^  and  the  ratio  d/l,  as  shown  in  Fig.  296,  Here 
p2  is  the  static  pressure  behind  the  moving  cascade,  while  pQ  is  the  stagnation 
pressure  before  the  nozzle  cascade. 
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At  low  Re  ^  numbers  less  than  5*  10^,  one  should  also  introduce  a  correction 
which  will  depend  on  1 ^/b  (see  Fig.  295). 

The  following  series  of  corrections  is  connected  with  the  stage  sealing.  Over 
both  leakage  and  suction  are  possible  the  blade  shroud.  The  direction  of  flow  may 

be  judged  by  means  of  the  nomograph 
represented  in  Fig.  297,  where, 
depending  upon  u/c^,  ^2/^1’  30,1 

d/l±,  the  auxiliary  quantity  A  is 
determined. 

For  stages  with  single  meridional 
profiling,  the  quantity  Ay  is  determined 
by  the  following  formula:  A,,  =  A  -  2. 

Further,  Fig.  298  presents  graphs 
that  show  the  magnitude  of  correction 
for  efficiency,  k  ^  n  ,  for  suction 
and  leakage,  depending  upon  the 
equivalent  clearance,  5_„_, 

3KB 

where  ta  and  are  open  axial  and  radial  clearances,  respectively;  z  is  the  number 
of  radial  strips  above  the  shroud. 

Stage  economy,  in  the  event  of  leakage  or  suction  in  the  root  axial  clearance, 

is  al..o  Lowered.  If  suction  takes  place,  then  Fig.  299  is  used  to  determine  the 

correction  k,.  „  depending  upon  the  relative  percent  of  absorbed  substance  and 
y .  k 

the  root  reaction  pK  .  If  p  is  not  known  from  a  preliminary  calculation  of  the 
stage,  then  for  cyllndiical  blading  it  can  be  found  by  the  following  formula: 

_  1,8 

1.8+3//* 

The  quantity  of  absorbed  steam  (gas)  should  be  determined  according  to  the 
leakage  balance  in  the  stage,  which  "was  covered  in  §  12. 

The  correction  for  leakage  in  the  root  clearance  is  calculated  by  the  following 
formu I  a : 

I  —  0,7 


for  Reynolds  number  Re^  =  b^c^/vg. 
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Then,  taking  into  account  all  corrections,  the  relative  blade  efficiency  of 
the  stage  with  complete  loss  of  outlet  velocity  is  calculated  by  the  following 
formula : 

toJ  =  n*-y.  i- 

The  order  of  substitution  of  the  correction  factors  into  this  formula  is 
not  of  importance,  if  the  following  stage  uses  the  axial  component  of  the  outlet 

velocity,  the  efficiency  of  the 
given  stage,  taking  this  utilization 
into  account,  is  determined  by  the 
following  formula: 

Vi  =  ’lo.i  ~  *»•  c> 


kB>c  is  found  from  Fig.  300. 

For  a  determination  of  the 
relative  internal  efficiency,  which 
includes  all  losses  in  the  stage,  it  is  necessary  to  consider  the  losses  due  to 
disk  and  shroud  friction  and  the  losses  caused  by  leakage  through  the  diaphragm 
seal: 

*lo/  e  Ctf.  ill  'hi  “  ^7  ~|).  y 

These  losses  are  calculated  according  to  the  material  presented  in  §  12.  For 
stages  that  operate  in  a  region  of  moist  stage,  one  should  consider  the  losses  due 
to  moisture,  which  are  determined  according  to  the  data  in  Chapter  X. 

A  partial  stage  has  the  following  features: 

1 .  The  optimum  area  ratio  (Pg/^onT  is  founc*  accorc5inS  to  the  data  in 

5  28.  A  more  exact  value  of  (Fg/F^)^,  Gflou-lcJ  be  found  only  for  small  degrees  of 
partial  admission. 

2.  The  area  is  calculated  for  the  reaction  p  =  3-8$.  Recommendations  on 
the  selection  of  a  -'re  presented  in  f  28. 

3.  The  optimum  velocity  ratio  u/c^  is  determined  according  to  the  data  in 

5  30. 

t.  Selection  of  blade  height,  depending  on  degree  of  partial  admission,  is 
performed  according  to  the  data  in  §  30. 


I  I  I  I  II!-; I _ I L_i_l I _ I _ I _ l  f 

Kf.  oz  vo  loo  m  m  t.oi  /  t*  i.s  i.s  tj  i.a  ks  2.0  ^ 

Fig,  300.  Correction  k3  with  the  use  of 
the  axial  component  of  the  outlet  velocity. 
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5.  When  calculating  the  economy  of  a  stage,  it  is  necessary  to  add  the 
additional  losses  that  are  determined  according  to  the  data  in  §  28. 

Example.  We  shall  determine  the  dimensions  of  an  intermediate  stage  and  its 
economy.  The  stage  is  combined  with  the  other  stages  of  the  group.  Given:  nozzle 
cascade  TC-2A,  d  K  =  0.928,  K  =  14°;  moving  cascade  TP-3A,  d  K  =  0.925  m,  P2  K 
=  22°3>0 1 . 

Steam  flow  rate,  G  =  102.8  kg/sec;  stagnation  parameters  before  nozzle  cascade: 
pQ  =  44. 6  bar;  vQ  =  0.066l  nP/kg;  pressure  behind  stage,  p2  =  37*3  bar.  Available 
heat  drop  of  stage,  depending  on  stagnation  parameters,  h^  =  52.2  kj/kg.  Turbine 
speed  n  =  5000  rpm. 

By  means  of  formula  (321)  we  find  the  outlet  area  of  the  nozzle  cascade: 

Ft=- - £——.-1.3=  251  cm‘. 

0.66Ij4|  V  Pjv»  1 


Here  it  is  assumed  that  =  O.97. 

For  calculating  it  is  necessary  to  know  p.  After  assuming  approximately 
that  6  =  d/l  -  27,  we  find  pK  >  =  0.06. 

Let  us  say  that  pK  =0.10.  Then,  by  formula  (322), 

—  *  +  C  (I  —  *)  =  0.851. 


where  e  =  P^Pq  =  °*^35i  <1  *  0.940  (for  e  =  O.851). 

By  means  of  formula  (327)  or  Fig.  292,  we  find  =  33*2  mm,  d  =  928.2  mm,  and 
=  14°25'  after  a  more  accurate  determination. 

O 

Analogpusly,  by  means  of  formula  (328)  we  calculate  the  area  F?  =  450  cm  ,  after 


assigning  on  overlap  of  Al  =3  mm,  and  consequently,  assuming  that  l 2  =  56.2  mm. 
^2  4^0 

The  area  ratio  r~  -  =1.71  corresponds  to  the  optimum  value  for  stage 

v  l 

KJI-2-3A  (see  Table  II).  We  check  the  selected  reaction  on  Fig.  50.  It  turns  out 


to  bo  approximately  equal  to  the  value  found  earlier;  therefore,  it  is  not  necessary 


to  find  a  more  accurate  value  of  area  F,p 

.  Q  I 

Characteristics  of  moving  cascade:  dg  =  963.2  mm,  P2  =  23  15  • 

Efficiency  r)0J1  is  determined  by  means  of  the  graphs  of  this  paragraph.  For 
u/c^  =  0.465  and  l ^  =  33*2  mm,  we  find  =  0.859  on  Fig.  293.  Corrections  for 
chords  and  trailing  edges  can  be  determined  if  the  dimensions  of  the  profiles  are 
known.  Let  us  assume  that  kh  »  1  and  k.  =  1.  The  correction  for  flare  is  found 

in  Fig.  294a,  where  =  1.003.  The  correction  for  the  pressure  ratio  k£  = 

=  f(e,  Fv'F^ ,  d/l)  is  found  in  Fig.  296,  where  k£  =  O.989.  Since  the  Reynolds 
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number  is  great, 

Re*  =  ^?  =  -®5±^-  =  8.!0-‘ 

**  v,  1.77- 10’* 

and  lies  in  a  self-similar  region,  then  kRg  =  1. 

Taking  the  magnitude  of  the  equivalent  clearance  as  6_„_  =  0.64  mm,  in  Fig. 

297  we  find  A  =  5,  and  in  Fig.  298a,  kyin  =  0.997- 

According  to  the  leakage  balance  in  the  stage,  we  calculate  the  quantity  of 

AG 

steam,  absorbed  through  the  root  clearance,  — —  =  0.2^  (the  procedure  for  this 

G 

calculation  is  given  in  §  12),  and  in  Fig.  299  we  find  ky<K  =  0.998. 

Thus,  the  relative  blade  efficiency  of  the  stage  with  complete  loss  of  the 


outlet  velocity  amounts  to: 


tl<u^  0,859- 1,003-0, 989- 0.997-0,098  =  0,847. 


With  the  use  of  the  axial  component  of  the  outlet  velocity,  in  Fig.  500  we 
find  kBC  -  1.041  and  the  efficiency 

V,  -  1.011-0.847  =  0.882. 

Tlie  losses  due  to  disk  friction  are  calculated  by  formula  (85): 


v  7 

where  K  is  found  in  Fig.  65  at  Reu  =  =  8*10';  the  losses  due  to  shroud  friction, 

r  r  -  O.OOl  [by  means  of  formula  (86)].  The  losses  due  to  leakage  through  the 
diaphragm,  seal  amount  to  [see  formula  (88)]: 

^  -  ]Sj7=  =  iSt  o-882 = om. 

The  equivalent  area  of  the  diaphragm  seal  clearance  here  will  be: 

l'//V  „ ..  , 

—  2,55  cm1. 

The  total  relative  internal  efficiency  of  the  stage: 

►  _£  =0,858. 

'I01  "w~  trp  *ip.6 

5  48.  DOUBLE-WHEEL  VELOCITY  STAGES 

Tlit*  uvea  of  the  outlet  section  of  the  nozzle  ctrBcade  is’ found  by  the  following 


formula  (for  superheated  steam) : 


-5O6- 


where  p^  and  Vq  are  the  parameters  in  front  of  the  stage;  q  is  the  relative  flow 
rate,  which  is  determined  from  gas-dynamic  tables,  depending  upon  the  pressure 
ratio  in  the  cascade,  =  P-j/Pq.  For  critical  flow,  q  =  1. 

The  reaction  of  an  ME I  velocity  stage,  when  selecting  the  area  ratio,  according 
to  the  data  presented  in  Chapter  V,  for  subcritical  flow,  can  be  estimated  on  the 
graph  in  Fig.  501  for  determination  of  F^,  depending  upon  u/c  ^ ,  e  ,  and  partial 
admission  e: 


Then  =  e  +  Sp(l  -  e),  where  e  =  P^Pq  is  pressure  ratio  of  the  entire 
stage. 

For  the  selected  type  of  stage  at  the  known  magnitude  of  angle  a. ,  we  find: 


jui  sm  ci|,> 


(550) 


We  select  the  degree  of  partial  admission  e,  and  consequently,  the  height 
according  to  the  data  in  §  50,  taking  into  account  the  requirements  of  reliability, 
design,  and  unification. 

The  dimensions  of  the  separate  cascades  are  determined  according  to  the  data  in 
Chapter  V. 

The  blade  efficiency  i|QJ]  of  an  MEI  velocity  stage  can  be  determined  by  means 
of  generalised  graphs  [304]  constructed  on  the  basis  of  experimental  data  and 
theoretical  calculations  presented  in  the  preceding  chapters  of  this  book.  These 


l*P 


ojs 


o.w 


0.05 


0.75  0.5  075  U 

Fig.  501.  Graph  for  estimating 
the  total  reaction  of  an  MEI 
double-wheel  velocity  stage  (for 
calculating  the  area  F^). 


graphs  are  constructed  for  three  combinations 
of  velocity  stages  developed  at  MEI:  KC-OA, 
KC-1A,  and  KC-1B.  The  basic  geometric  char¬ 
acteristics  of  these  stages  are  given  in 
Chapter  V. 

The  relative  blade  efficiency  is  the 
stage  efficiency  with  full  input  and  it  con¬ 
siders  the  following  losses: 

1.  Losses  in  all  cascades.  Including 
those  at  the  entrance  to  the  cascades. 

2.  Losses  in  clearances  between  cascades. 


3.  Losses  due  lo  leakages  past  the  cascade  channels  into  the  clearances  above 
the  shrouds  o f  the  rotor  blades  and  under  the  shroud  of  the  rotor  cascade. 

1 1 .  Losses  with  the  outlet  velocity. 

Tims,  not  considered  here  are  the  losses  due  to  disk  and  shroud  friction, 
losses  due  to  leakage  through  relief  holes  and  end  seals,  and  losses  connected  with 
partial  input. 

The  stage  efficiency  i,  is  found  as  the  product  of  the  primary  efficiency 

I 

fi0J]  times  a  series  of  correction  factors: 

(331) 

The  order  of  substitution  of  the  correction  factors  into  formula  (331)  is 
of  no  importance. 

1 

The  primary  efficiency  tjqji  is  determined  in  Fig.  302,*  depending  upon  u/c^- 
and  the  height  of  the  nozzle  cascade  l±.  Here  c^  =  /2hQ  is  the  fictitious  velocity 
calculated  for  the  entire  available  heat  drop  of  the  stage. 

The  graph  in  Fig.  302  was  constructed  for  the  following  conditions:  1.  Pressure 
ratio  in  stage,  e  =  Pg/Pg  =  0.55-0.65. 

2.  Reynolds  number,  Re  =  bic^)/v2  >  5*10^,  wher^  v 2  is  the  kinematic  viscosity 
with  respect  to  the  stage  behind  the  stage. 

3.  Welded  diaphragm  nozzle  cascade  without  special  meridional  profiling. 

4.  Diameter  of  stage,  d  =  600  mm. 

5.  Chords  of  profiles: 

bx  —  52  mm;  b,p  =  b„  =  btp  =  26  mm. 

6.  Trailing  edge  thicknesses: 

—  0,6  mm;  A xp  —  A*p  =;  0,5  mm. 

7.  Total  axial  clearance,  i.e.,  the  distance  between  the  trailing  edges  of  the 
blades  and  the  leading  edges  of  the  following  cascade,  is  4-7  mm.  The  peripheral 
stage  sealing,  i.e.,  the  open  axial  clearance  between  the  blade  shroud  and  diaphragm, 
is  n  •  I  mm,  and  special  seals  above  the  blade  shroud  (see  Fig.  147).  There 

Is  no  leakage  through  the  x-oot  clearance  between  the  diaphragm  and  the  wheel. 

For  all  deviations  from  the  indicated  stage  characteristics,  the  efficiency 


*r,ee  footnote  on  p.  498. 
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Fig.  302.  Primary  efficiency  tjoji  of 

double-wheel  velocity  stages,  depending 
upon  u/c  ^  and  different  nozzle  cascade 

heights  ly 


can  change;  then  corrections  should  be 
introduced. 

The  correction  k^^  is  introduced 
for  meridional  profiling  of  the  nozzles. 
It  is  assumed  that  the  meridional  con¬ 
figuration  is  executed  according  to  the 
KEI  method  and  the  recommendations  given 
above.  When  introducing  meridional 
profiling,  one  should  certainly  consider 
the  shift  of  the  minimum  section  into 
the  region  of  the  cross  section  and,  as 
a  result  of  this,  the  certain  increase 
of  the  outlet  area  of  the  nozzle  cascade 
(see  p.  in  ). 

The  correction  for  meridional 
profiling  kHep  is  shown  in  Fig.  294; 


double-wheel 
uep 

single-wheel 

Mep 


in  this  case,  k 
*  0.9k 


(For  cascades  of 


group  "K"  the  upper  curve  should  be  used.) 

Figure  303  gives  the  correction  for  the  stage  diameter,  kfl,  depending  upon 
height  l^.  Here  the  dotted  line  indicates  the  curves  of  k^  for  ganged  nozzles 


velocity  stage).  Curves:  -  (solid)  — 

for  nozzle  cascades  with  cylindrical  bound¬ 
ing  walls;  -  (dotted)  -  for  ganged 

nozzles  with  straight  bounding  walls. 


with  straight  bounding  walls. 

The  correction  for  profile 
chord,  kb,  is  found  as  the  product 
of  the  corrections  referred  to  all 
cascades: 

each  of  which  depends  upon  the 
magnitude  of  chord  of  the  given 
cascade  and  the  height  of  the  nozzle 
cascade  according  to  Fig.  304. 

For  meridional  profiling,  within 
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the  limits  of  the  chord  value, 

7]//i<61<15^(/Iin  mm) 

the  correction  kb^  =  1. 

The  correction  for  thickness  of  the  trailing  edge  of  the  profile,  which  is 
shown  in  Fig.  304,  is  found  in  a  similar  manner. 

aP  . 

*p  \P 

Inasmuch  as  each  of  the  recommended  velocity-stage  combinations  is  designed 
for  a  definite  pressure  ratio,  Sje^,  a  noticeable  deviation  from  ^  brings  about 

a  corresponding  change  of 

T  «7  p  T  stage  efficiency;  therefore, 

-  - -y — -  Fig.  305  represents  a  graph 

- : — rmrr-.  2 for  the  correction  factor 


•j.„  tm  u 


Ul 

2 

0. _ 

i  m 

p 

/,»» 

as9 

\ 

nozzleV*^  .2  *3 

awl  Nya '  jjf-5  i |-g  For  deviation  of  the 

P"  '  \  1g  s 

\  w  s  open  axial  and  radial 

shroud  clearances,  one 

I  I  'I  awl  I  I  <  I  I  I 

Fig.  3 04.  Corrections  for  cascade  chord  kb  and  should  introduce  a  correction 

thickness  of  trailing  edge  of  profile  k.  .  that  considers  the  change 

HP 

of  parasitic  leakages.  Since 

the  influence  of  leakages  over  the  blades  of  the  second  wheel  is  small,  and  upon 
observance  of  one  of  the  requirements  —  minimum  open  clearance  to  2  mm  or  radial 
seal  with  -learance  to  1  mm  —  the  stage  efficiency  practically  does  not  change,  the 
influence  of  leakages  only  past  the  first  moving  and  rotor  cascades  is  considered; 

ky  "  kylbytl' 

For  determination  of  the  coefficient  in  Fig.  306  we  preliminarily  find 

the  auxiliary  quantity  A,  which  is  connected  with  the  reaction  of  the  stage  at 
the  tip.  Depending  upon  the  sign  of  A,  a  further  determination  of  ky  ^  is  performed 
by  means  of  Fig.  307  or  308. 

The  coefficient  k  ^  is  found  in  Fig.  307  for  leakage,  and  in  Fig.  308  for 
suction,  depending  upon  the  equivalent  clearance: 

x  1 

---=~  » 

(/  4/A* +  1,5*/** 
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Fig.  304.  Corrections  for  cascade  chord  k^  and 
thickness  of  trailing  edge  of  profile  k.  . 

rr\ 


i 
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I 


Fig.  305.  Correction  for 
pressure  ratio  k£. 


(where  6^  is  the  open  axial  clearance;  6D  is  the 
radial  shroud  clearance;  z  is  the  number  of 
sealing  bands  above  the  shroud),  and  also  depending 
upon  the  height  of  the  nozzle  cascade 

If  the  nozzle  cascade  has  single  meridional 
profiling,  the  value  of  =  A  -  2,  should  be  used, 
where  A  is  found  by-  means  of  the  nomograph  in 
Fig.  3C6.  For  milled  and  ganged  nozzles  without 
meridiorai  profiling,  but  with  straight  bonding 
walls, 

A*,  =  A-l. 

The  loss  due  to  leakage  past  the  rotor 

blades  is  considered  by  the  coefficient  kv  , 

•>n 

which  is  found  by  the  following  formula: 


kVr  =  1,003  -  0,003  4^(4  in  mm) . 


For  leakage  or  suction  in  the  root  clearance  between  the  nozzle  and  first 
moving  cascades  we  calculate  the  correction  kyK>  First,  according  to  the  leakage 
balance,  we  determine  the  direction  of  flow  in  this  clearance.  If  leakage  takes 
place,  the  correction  factor  is  found  by  the  following  formula: 

1-0,7  QJQ, 

where  G  „  is  the  amount  of  leakage  through  the  root  clearance : 

.  it 

G  is  the  total  flow  rate  through  the  stage. 


Lofikojte  ovor  Suction  over 

blade  shroud  blade  shroud 

of  tho  1st  ttheel  of  the  1st  vhcel 


Fig.  30f>.  Auxiliary  graph  for  determining  corrections 
for  steam  Leakage  or  suction  over  the  shroud  of  the 
1st  wheel. 
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Fig.  307.  Correction  for  steam  leakage  over  blade 
shroud  of  1st  wheel. 


In  the  case  of  suction,  for  want  of  special  experiments  with  velocity  stages, 
it  is  necessary  to  use  an  analogous  graph,  which  was  obtained  for  a  single-wheel  stage 
and  is  shown  in  Fig.  299- 


Fig.  30ft.  Correction  for  steam  suction  over  blade 
shroud  of  1st  wheel. 


'I’lo  root  reaction  pK  ,  which  is  necessary  for  calculation  of  GK,  can  be 
estimated  by  the  following  formula: 


_  2 
Q*  —  Qep  X  9  +  0  • 


Here  x  s  1  is  for  conventional  blading;  x  =0.5  is  for  single  meridional 
profiling;  x  =  0*75  is  for  ganged  and  milled  nozzles  with  straight  bounding  walls, 

0  =  d /l±. 

Then,  taking  all  corrections  into  account,  the  relative  blade  efficiency  of 
the  stage  with  complete  loss  of  the  kinetic  energy  of  the  outlet  velocity  is 
calculated  by  means  of  formula  (331)* 

For  a  determination  of  the  relative  internal  efficiency,  which  includes  all 
losses  in  a  velocity  stage  with  full  input,  it  is  necessary  to  consider  the  losses 
due  to  disk  and  shroud  1'rictlon: 

=  Rw  Qt  f 

These  losses  are  calculated  according  to  the  data  in  §  12. 

For  a  partial  stage,  one  should  use  the  materials  in  §  30,  which  make  it 
possible  to  select  optimum  stage  characteristics.  The  additional  losses  connected 
with  partial  input  are  calculated  according  to  the  data  in  §  29. 

§  119.  MODEL  STAGES  WITH  VARIABLE  BLADING 

For  small  d/l  ratios,  cylindrical  blading  cannot  ensure  a  high  stage  efficiency; 
therefore,  variable  blading  is  employed.  In  practice,  it  is  frequently  necessary 
to  reject  cylindrical  blading  when  d/l  <  10-6.  For  stages  where  the  velocities 

no  not  exceed  critical  in  none  of  the  sections  of  both  the  nozzle  and.  moving 
cascades,  it  is  possible  to  employ  combinations  that  have  been  tried  out  beforehand 
and  are  suitable  for  use  in  a  wide  range  of  variation  of  geometric  characteristics. 
For  stages  where  in  separate  sections  there  appear  high  .supersonic  velocities,  it 
is  difficult  to  provide  universal  combinations,  and  here,  as  a  rule,  it  is  necessary 
to  use  the  recommendations  made  in  Chapter  VIII. 

We  shall  consider  the  recommended  combinations,  their  calculation,  and  graphs 
for  determining  their  economy. 

Stages  with  a  Cylindrical  Nozzle  Cascade  and  Variable 
Rotor  Blade  (see  Chapter  VII) 

These  stages  can  perform  quite  effectively  when  d/l  >  5;  in  an  extreme  case, 
the  velocities  should  not  essentially  exceed  the  critical  values  (to  <  1.1). 

However,  with  a  certain  lowering  of  economy,  it  is  permissible  to  employ  such 

O 

stages  to  d/l  ~  4.  These  stages  have  MEI  nozzle  cascades:  TC-1A,  TC-2A,  and  TC-3A. 
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If  .ingle*  anil  relative  pitch  tK  arc  in  the  root  section  of  the  nozzle  cascade, 

then  in  the  current  section  it  is  possible  to  approximately  consider  that 


a,  =  arclg  (-£■  tgau); 


and  in  the  middle  section 


aup  —  a'rctg  (■g~T  '» 


t  -  -2—7 

*P  0  —  | 


v;here  0  =  d^/l^. 

The  twisted  rotor  blade  is  formed  from  standard  profiles. 

In  this  case  the  considered  combinations  will  have  the  designations  K3-1-A , 
K3-2-A ,  and  K3-3-A . 

The  stages  were  designed  under  the  following  conditions: 

1.  The  conditions  of  entrance  to  the  moving  cascade  were  determined  by  the 
simplified  equation  of  radial  equilibrium  in  the  interblade  clearance. 

2.  The  ratio  areas  of  the  moving  and  nozzle  cascades  ensures  a  positive 

Po 

reaction  in  the  root  section  at  e  =  — :  0.75  and  u /c^5  0.45,  i.e.,  when  (u/c^)Cp 


<•  0.45 


e 

o-i* 


§ 


5.  Approximate  constancy  of  the  flow  rate  between  similar  sections  (streams) 
of  the  nozzle  and  moving  cascades. 

The  flow  area  of  stages  K3-1-A,  K3-2-A ,  and  K3-1-A  is  shown  in  Pig.  509. 

The  results  of  the  calculation  of  stages  of  group  K3  are  given  on  the  graphs 
in  Figs.  510-515.  These  graphs  were  constructed  in  the  following  way.  The 
reaction  was  determined  by  the  following  formula: 


For  the  •.'iLculation  of  p  and  Pp/P^  we  used  velocity  and  flow  rate  coefficients 
with  a  variable  value  of  height. 


'•Here  and  subsequent  ly  in  the  calculations  for  subsonic  velocities,  a.  and  (3„ 
imply  the  effective  angles. 
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The  dependence  F^/F^  =  f(r/r H  ),  which  is  represented  in  these  graphs, 
charr  terizes  the  ratio  of  areas  of  the  elementary  sections.  If  it  is  necessary 
to  determine  the  F^/F^  ratio  of  the  entire  stage,  the  calculations  should  be 
performed  by  means  of  the  following  formula: 


TO,  = 


]V*/fi)* 


The  results  of  the  given  calculation  are  shown  in  the  graphs  of  Figs.  310, 

312,  and  31  i.  The  dependences  of  angles  ct^,  p., ,  p2,  and  a2  for  all  these  combinations' 
are  shown  on  the  graphs  of  Figs.  311,  313,  and  315.  For  performing  the  calculations 
of  angles  P2  it  was  assumed  that  lg/l1  =  1.06. 

The  results  of  the  calculation  show  that  only  at  the  tip  of  the  nozzle  cascades 
with  "  he  maximum  ratio  for  these  stages,  d/l  ~  5,  angle  somewhat  exceeds  the 
optimum  values  obtained  in  static  tests.  Inasmuch  as  practically  along  the  entire 
height  it  is  possible  to  ensure  optimum  values  of  relative  pitch,  it  is  obvious 
that  the  flow  around  the  entire  cascade  will  occur  with  small  profile  losses. 

The  calculated  angle  p^  corresponds  to  optimum  conditions  of  entrance  to  the 
moving  cascade  and  in  the  direction  towards  the  blade  tip  it  increases  at  &  =  5  to 
Pi  -  90°. 

Angle  p?  changes  very  little,  and  decreases  from  root  to  tip.  In  the  root 
section,  at  zero  reaction  pK  =0,  angles  p^  and  P2  will  be  practically  equal. 

During  the  designing,  a  large  value  was  given  to  the  observance  of  an 
approximately  axial  outlet  along  the  entire  height  of  the  stage.  As  can  be  seen 
from  the  graphs,  in  all  three  combinations  the  deviations  of  angle  ag  from  90°  in 
an  extreme  case  does  not  exceed  5°.  The  change  of  angle  a2  with  respect  to  height 
and,  in  particular,  the  certain  increase  of  it  at  the  root,  is  connected  with  the 
larger  losses  in  the  root  sections. 

The  axial  outlet  shows  that  there  is  1.0  swirling  of  the  flow  behind  the  stage, 
and  it  permits  a  better  use  of  the  outlet  energy  in  the  next  stage. 

Kverything  said  above  permits  us  to  make  a  conclusion  concerning  the  high 
economy  of  the  developed  combinations,  which  (within  limits  to  0  2  5)  almost  does 
not  depend  on  d/l . 

The  calculated  graphs  of  Figs.  31O-315  were  constructed  for  a  stage  pressure 
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ratio  of  £  ~  0.75  and  (n/c,j,)K  =  0.^5. 

For  other  values  of  e  and  u/c^  there  Will  be  a  different  reaction  and  other 
angles  and  a,,. 

Figure  J>l6  shows  the  dependence  of  the  root  reaction  on  e  and  (u/c^)K.. 

When  u/c  ^  is  not  equal  to  the  calculated  value  that  is  shown  in  Figs.  310, 

312,  513,  31*1,  and  315,  the  change  of  the  mean  reaction  is  found  by  means  of 

formulas  of  variable  conditions.  It  should  be  borne  in 
mind  that  in  formula  (73)  for  the  periphery  when  0  <  3, 
the  coefficient  A  <  0,  and  (pn  -pK  )  in  all  cases 
decreases  with  the  increase  of  u/c^. 

The  flow  rate  can  be  determined  in  first  approximation 
by  means  of  the  continuity  equation  for  the  mid -radius. 

Detailed  calculations  show  that  for  an  incompressible 
fluid  (e-*l),  the  flow  rate  determined  for  the  middle 
section  GCp  practically  coincides  with  the  flow  rate 
determined,  for  the  sum  of  the  flow  rates  of  separate 
streams.  It  is  true  that  this  is  valid  only  for  a 
calculation  that  is  performed  as  in  this  chapter,  i.e., 
by  means  of  the  simplified  equation  of  radial  equilibrium 
and  the  hypothesis  of  coaxial  cylindrical  flow  surfaces. 

Furthermore,  the  certain  decrease  of  the  actual  flow  rate  due  to  the  lowered 
flow  rate  coefficients  on  the  bounding  walls  of  the  channels  is  not  considered. 
Disregard  of  this  last  factor  gives  an  error  of  less  than  1$,  and  it  is  usually 
permissible.  If,  as  done  for  the  construction  of  the  calculated  graphs  of  this 
paragraph,  we  take  a  somewhat  decreased  mean  value  of  ji>  the  error  will  be 
insignificant. 

With  the  increase  of  the  heat  drop  of  the  stage,  i.e.,  with  the  decrease  of 
e  =  P2/^0’  1,he  flow  ra^e  ca]l-cu^a^ed  i>or  middle  section  will  be  somewhat  less 
than  the  flow  rate  obtained  by  integration  with  respect  to  the  radius. 

This  deviation  can  always  be  taken  into  account  by  using  the  data  for  e  =  0.55 
and  0=5,  in  which  the  integral  flow  rate  will  exceed  the  mean  value  by  for 

the  same  value  of  c  .and  0=8  this  difference  amounts  to  a  total  of  1%. 

If  the  parameters  and  dimensions  of  the  root  section  are  given,  for  an 
approximate  calculation  of  the  flow  rate  it  is  possible  to  use  the  following  formula: 


Fig.  316.  Root  reaction 
PK  in  type  K3-A  stages, 

depending  upon  e  =  pVp0 
and  (u/c  ^  )u. 
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^  —  Hi 


(332) 


2.1  sin  utfcj 
- - - ,*» 

where 

<1>  -  2.v!"n  (x  -  1) -j-  [1  -  x~u  {I  - t)j.  x  ---  -- ; 
n  —  «{'*cos!a,. 

Formula  (332)  is  useful  for  e  s  e#. 

Figure  317  illustrates  the  dependence  <f>  =  4>(rCD/rK,  e)  for  n  -  0.9. 

The  efficiency  of  a  model  stage  with  complete  loss  of  the  outlet  velocity  is 
determined  by  means  of  generalized  graphs.  The  relative  efficiency  of  stage 
K3-1A,  i}0JI  =  f(u/c(j)  ;  l^),  is  shown  in  Fig.  pl8.  Here  the  stage  dimensions  are 

taken  from  Fig.  309,  and  the  nozzle  cascade  is  of  type  TC-1A. 


Fig.  317.  Coefficient 
<J>  for  determining  the 
flow  rate  through  type 
K3-A  stages  (at  p  ~ 

-0). 


Fig.  318.  Relative  blade  effi¬ 
ciency  of  stage  K3-1A  with 
cylindrical  nozzle  cascade  and 
helical  moving  blades,  depending 
upon  u/c  ^  and  for  the  ratio 

d/l  =  8,  Ig/1!  =  1’0< 5*  e  =  Pg/Po  = 
0.75,  and  Re^  =  >  5-iO5. 


We  further  introduce  a  series  of  corr  ,:tions. 

1.  Calculation  of  the  applied  blading  -  coefficient  k  .  For  a  stage  with 
T0-1A  •asfidc,  coefficient  kCT  =  1,  and  for  stages  with  TC-2A  and  TC-3A  cascades, 
coeffi-ienf  is  given  in  Fig.  319  depending  on  d/l.. 


A  decrease  in  efficiency  upon  transition  to  stages  No.  2  and  No.  3  does  not 
mean  that  these  stages  are  less  effective.  Conversely,  with  the  use  of  the  outlet 


velocity,  the  most  effective  stage  is  No.  3, 
and  the  least  economic  is  stage  No.  1.  A 
decrease  of  t)qjj  upon  transition  to  larger 
angles  a ^  is  connected  with  the  corresponding 
increase  of  losses  with  the  outlet  velocity. 

2.  The  influence  of  d/l  shows  up  on  the 
stage  efficiency  in  connection  with  the  increase 
of  p  at  the  tip  and  the  increase  of  leakages 
over  the  rotor  blades.  Furthermore,  for 
small  d/l,  the  nozzle  cascade  in  the  upper 
sections  has  angles  and  relative  pitch  ¥ 
which  go  beyond  the  optimum  zone;  therefore, 
the  correction  factor  k. is  introduced. 

Fig.  319.  Correction  for  calcu- 

lation  of  relative  blade  effi-  With  the  decrease  of  d/l  the  mean  reaction 

ciency  of  a  stage  (with  complete 

loss  of  outlet  velocity)  p0JJ  for  of  the  stage  increases,  and  consequently, 
various  forms  of  blading.  the  optinwm  value  of  the  velocity  ratlo  u/c$ 

also  increases.  The  dependence  of  (u/c(j))onT  on  d/li  and  represented  in 

Fig.  320.  A  graph  of  the  correction,  k^ ,  depending  upon  u/c  is  given  in  Fig. 
321,  whereby  in  this  case  the  base  is  (u/c^,)onT  for  0^8,  which  is  represented  on 

the  graphs  of  Figs.  318  and  320.  Here 


Fig.  320.  Optimum  velocity  ratio  (for 
H0JI  —  ei'ficiency  with  complete  loss  of 

outlet  velocity)  depending  upon  the  ratio 
d/l^  and  l^  (for  pK  ~  0-0. 05). 


the  height  l1  affects  (u/c<j))onT  due 
to  change  of  end  losses  and  leakages. 

It  should  be  borne  in  mind  that  with 
the  decrease  of  d/l  for  the  given 
geometric  characteristics  of  the  root 
section,  the  middle  angle  Increases, 
which  leads  to  an  increase  of  outlet 
losses  and  to  a  decrease  of  q0JI, 
correspondingly. 

3.  The  correction  factor  k£  for 
the  pressure  ratio,  e  =  p2/P0>  is 


found  from  Fig.  322. 


A 
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Pig.  321.  Correction  kd^  (with  com¬ 
plete  loss  of  outlet  velocity)  depend¬ 
ing  upon  d/l^  and  the  change  of  the 


u/C(-  ratios  to  (u/c^)onT  at  d/l±  =  8. 


Kt 


Fig.  322.  Correction  factor  ke  that 
considers  the  influence  of  pressure 
ratio  s  =  Pg/Po  on  efficiency  tjoj3 

(at  pK  «  0)  and  (u/c^)onT. 


4 .  The  correction  factor  kRg,  which  considers  the  influence  of  the  fictitious 

Reynolds  number j  Re^  =  ^c^Vg,  is  shown  in  Fig.  295. 

5.  The  correction  for  leakage  over  the  rotor  biades  is  introduced  by  the 
coefficient  ky  ;  for  the  case  of  a  shrouded  moving  cascade,  the  correction  is 
found  on  the  graphs  of  Figs.  291-300,  and  for  unshrouded  rotor  blades,  in  Fig.  323. 

For  simplification  of  the  calculation  we  do  not  introduce  corrections  for  suction 
(or  leakage)  in  the  root  clearance  (which  is  found  on  the  graphs  of  Figs.  293-300), 


Xy 


Fig.  323.  Correction  for  leakage  ky 
depending  upon  t>r/lj  for  an  unshrouded 
stage  (at  ,»K  *  0  and  (V<-(|,)0IIT  • 


for  the  change  of  chords  and  trailing 
edges  determined  by  the  data  in  Chapter 
IV,  and  others.  Furthermore,  the 
interdependence  of  a  number  of  corrections 
is  not  considered  here.  As  a  result, 
the  relative  blade  efficiency  of  a  stage 
with  complete  loss  of  kinetic  energy  of 
the  outlet  velocity,  is  found  as 

the  product 

RtM  “  1] Hcb y 


It  should  be  noted  that  the  efficiency  calculated  in  this  way  gives  the  mean 
value,  sinc<  in  reality  the  efficiency  depends  on  3ueh  unaccounted  for  factors  as 
the  mcrLdl  rial  confipur  1  lion,  the  quality  and  technology  of  manufacture,  etc. 
Ci.’uuru  tlcn  of  Uv  economy  graphs  in  the  given  paragraph  was  based  on  the 
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i  /.perimenlo I  and  theoretical  works  of  a  number  of  organizations  and  on  literary 
sources. 

Example  of  the  .selection  and  calculation  of  a  model  stage. 

We  shall  calculate  an  intermediate-pressure  stage  of  a  large  steam  turbine. 

The  stagnation  pressure  before  the  stage  is  =  5-85  bar,  the  pressure  behind 
the  stage  is  p2  =  4.36  bar,  and  the  specific  volume  of  steam  behind  the  stage  (for 
an  isentropic  process  of  expansion)  is  =  0,465  nr^/kg.  The  steam  flow  rate  is 
G  =  138.7  kg/sec;  n  =  3000  rpm.  The  stage  is  one  of  the  stages  of  a  group,  where 
the  combination  K3-2A  is  selected  with  K  =  13°  and  dK  =  1.010  m. 

Vie  find  the  ratio  rn/rK  by  the  following  formula: 


for 


G  =  p, 


It  sin  ulKc^ 

VtK 


rl< 1> 


e=--£t_  0.744; 

P» 


=  0, 15. 


According  to  Fig.  316,  pK  53  0.  Consequently,  v.^  H  »  v^. 

By  means  of  the  formula  for  G,  assuming  that  =  0.97,  we  find  =  0.522,  and 
according  to  Fig.  317  we  determine  rCp  /rK  =  1.2.  Consequently,  d/l±  =  6,  aCp  = 

=  1.212  m,  and  l ^  =  202  mm. 

From  Fig.  313  we  determine  the  basic  characteristics  of  the  stage. 
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2‘ 
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0; 
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23"; 
89'; 
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0 
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*  0.44; 

-•  17.!)’; 

*  75'  ; 

=  21’ 5'; 
-•  90.5’. 


We  shall  determine  the  economy  of  the  siage. 

Knowing  l ^  =  202  nun  and  (u/c^)Cp>  from  Fig.  318  we  first  find  q0J]  =  0.905. 

Inasmuch  as  the  stage  K3-2A  is  applied,  from  Fig.  319  for  0  «  6  we  find  kCT  = 

=  0.987. 

The  optimum  ratio  (u/c(|))0In  for  0  =  8  and  =  20?  mm,  according  to  Fig.  3?0, 
amounts  to  (u/c^)oi,(j  =  0.59. 

U/CA 

Tlien  for  - - - ! -  --  0,985  and  0  -  6,  from  Fig.  3?1  the  correction  k.,  = 

(u/c(f))onT 

=-•  O.988,  the  correction  kr  =3,  and  also  kRe  =  1. 

We  find  tiie  correction  for  leakage  over  the  shroud: 


* 
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On  the  basis  of  design  considerations,  we  assume  that  6 
and  Zy  =  2.  Then 


3  mm. 


2  mm. 


= 


i 


=  t.I  mm. 


For  (frjcp  -  1*55  (Fig.  312)  and  u/c^  =  0.541  and  0  =  6  (Fig.  297),  we  find  A  = 

=  6.5,  and  for  (ky  -  1)1^  =  -0.45  mm  (Fig.  298a).  Then  ky  =  1. 

Thus: 


=-- 0.905. 0.987-0, ssa.l '1*1 


If  necessary,  one  should  consider  the  losses  due  to  friction  of  the  disk  and 
shroud,  the  leakage  through  the  diaphragm  seals,  the  leakage  or  suction  in  the 
root  clearance,  and  also  the  change  in  efficiency  caused  by  other  dimensions  of 
the  chords,  edges,  meridional  contour  of  the  flow  area,  wire  connections,  etc. 

If  the  given  stage  is  an  intermediate  one,  it  is  possible  to  calculate 
efficiency  with  the  use  of  the  outlet  velocity  taken  into  account.  For  this  we  find 
the  velocity  v>2,  using  the  continuity  equation 


u>i  or  ~i  —  182  m/sec, 

where 


Ft  —  tidcp'lflt/li  sin  p  tefl. 

Inasmuch  as  a2  «  90°,  cg  =  c2&  =  Wg  sin  02  =  71  m/sec. 

We  shall  obtain  the  efficiency  with  the  use  of  the  outlet  velocity: 


V,  —  Hoj/f  l 


4^)  =  0.920. 
A*  / 


* 

It  should  be  noted  that  the  obtained  value  of  q0JJ  is  not  the  maximum 
accessible  one,  since  the  economy  graphs  were  constructed  with  a  reserve  that 
considers  the  actual  conditions  of  manufacture  and  assembly  of  the  blades. 

Stages  with  Constant  Angle 

Singes  with  constant  angle  require  twisting  of  the  nozzle  cascade,  i.e., 
nozzle  blades  of  variable  profile.  The  condition  of  =  const  may  be  ensured  by 
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various  methods  of  profiling;  however,  as  a  rule,  it  is  preferable  that  all  sections 
have  the  same  profile  and  the  same  cascade,  differing  only  by  their  absolute  dimen¬ 
sions.  For  this  it  is  necessary  that  the  profile  chord,  and  consequently,  also 
all  the  remaining  dimensions,  be  increased  from  root  to  tip  in  proportion  to  the 
radius.  This  method  of  nozzle  blade  profiling  makes  iJ  possible  to  have  a  constant 
optimum  value  of  relative  pitch  in  all  sections,  i.e.,  the  main  advantage  of  a 
stage  with  =  const,  as  compared  to  a  stage  having  constant  profiles  of  the  nozzle 
blade. 

Another  advantage  of  a  cascade  with  a1  =  const  and  T  =  const  is  the  possibility 
of  using  cascades  that  have  been  tried  out  in  static  conditions  in  all  sections. 

For  creation  of  a  stage  with  a ^  =  const  and  tf  =  const,  any  nozzle  cascade  can 
be  used.  This  chapter  presents  calculations  of  a  stage  with  three  nozzle  cascades: 

=  10°,  =  20°,  and  =  50°.  The  cascade  with  a1  =  10°  can  be  recommended 

only  in  exceptional  eases,  since  small  angles  are  not  only  unfavorable  for  the 
nozzle  cascade  itself,  but  also  lead  to  very  small  angles  Pg.  The  moving  cascade 
of  such  a  stage  should  have  a  very  large  deflection  of  flow  in  the  root  section  and 
unfavorable  characteristics  in  the  upper  section  (thus,  for  0=5,  P2  -  9°  in  the 
upper'  section) . 

It  follows  from  this  that  detailed  calculations  are  conducted  for  cases  only 
at  =  20°  and  =  30°.  The  results  of  these  calculations  are  represented  in 
Fig.  324. 


Fig.  324.  Behavior  of  a  stage  with  a1  =  const,  depending  upon  relative 
radius:  a)  velocity  ratio  u/c^,  area  ratio  Fg/F^,  and  reaction  p;  b) 
angles  of  flow  a,, ,  p. ,  and  po. 


The  principle  of  the  calculation  of  stages  with  =  const  is  the  same  as  for 
stages  with  cylindrical  nozzle  blades. 

The  stages  were  calculated  for  up  to  0  =  3*  Calculation  data  of  the  stage: 
pressure  ratio  £  =  Pg/P©  =  °-65;  (u/c ^, ) K  *  0.4;  pK  =  0.05.  Conversion  to 

other  conditions  is  performed  just  as  for  stages  with  cylindrical  nozzle  blades. 

The  reaction  of  the  stage  is  calculated  by  the  following  formula: 

l  — e  =  (i 

Although  the  stage  calculation  assumed  different  values  of  cp  with  respect  to 
blade  height,  the  reaction  can  be  determined  by  using  the  averaged  value  of  <p. 

With  regard  to  design  characteristics,  both  stages  have  p^  >  P2  and  angle  a2 
in  the  root  section,  and  the  blades  are  almost  constantly  straight  along  the  entire 
height . 

For  an  estimate  of  the  economy  of  stages  with  =  const  it  is  possible  to  use 
the  graphs  in  Figs.  318  and  322.  For  the  transition  from  Fig.  318  to  stages  with 
=  const,  curves  are  constructed  in  Fig.  319.  These  curves  consider  the  magnitude 
of  looses  with  the  outlet  velocity,  which  depends  on  0^  and  p  ,  and  also  the 
decrease  of  the  profile  and  end  losses  upon  transition  to  a  larger  angle  a^. 

The  selection  of  optimum  (u/c^)onT  can  be  performed  by  using  the  curves  on 
Fig.  320.  It  should  be  taken  into  account  that  for  the  given  (u/c^)onT  the  stage 

will  have  the  highest  efficiency 
with  a  complete  loss  of  the  outlet 
velocity.  If  the  cutlet  velocity 
is  used  in  the  following  stage  or 
in  a  specially  Installed  diffuser, 
the  magnitude  of  the  optimum 
velocity  ratio  increases,  especially 

Fig.  325.  FJow  rate  through  stage,  ,as  com-  l&rge  angles  a^.  However,  the 

pared  to  the  flow  rate  calculated  for  the  „  . ,  .  * 

middle  section  for  stages  with  a^.=  const.  curve  of  the  dependenc s  t)  0„  = 

=  r ( u /c )  is  very  linear  in  a  wide  range  of  variation  of  u/c^. 

The  steam  (gas)  flow  through  the  stage  can  be  calculated  for  the  middle  section 
with  high  accuracy.  If  it  is  necessary  to  find  a  more  accurate  value  of  the  flow  rate, 
the  curves  in  Fig.  325  should  be  used;  they  were  obtained  by  integration  of  the  flow 
rate  with  respect  to  the  radius.  As  can  be  seen  from  the  graph,  the  biggest  error 
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at  a1  =  20°,  b  =  0.55,  and  rn/rK  *  2  (0  =  5)  amounts  to  a  total  of  5.2#.  However, 
it  should  be  stressed  that  this  pertains  only  to  a  stage  that  is  calculated  by 
means  of  the  simplified  equation  of  radial  equilibrium  with  coaxial  cylindrical 
flow  surfaces.  For  the  changes  of  the  flow  rate  for  an  actual  three-dimensional 
flow,  see  §  45- 


-525- 


o 


CHAPTER  X 

INFLUENCE  OF  MOISTURE  ON  THE  CHARACTERISTICS  OF  TURBINE  STAGES 

§  50.  SOME  PROPERTIES  OF  THE  FLOW  OF  MOIST  STEAM  IN  THE 
FLOW  AREA  OF  A  STAGE 

Ar  it  is  known,  moisture  has  a  negative  effect  on  the  performance  of  a  turbine 
stare;  it  causes  a  lowering  of  efficiency  and  erosion  of  the  blading*  Additional 
losses  of  energy  in  a  stage  that  is  operating  with  moist  steam  appear  due  to: 

a)  the  shock  braking  influence  of  water  drops  on  the  rotor  blades; 

b)  the  decrease  of  the  mass  of  steam  (due  to  condensation)  which  develops 
effective  performance  on  the  wheel; 

c)  the  change  in  shape  of  the  nozzle  and  rotor  blades  tinder  the  influence  of 
erosion,  i.e.,  mechanical  destruction  of  the  blades; 

d)  the  appearance  of  condensing  (thermal)  shocks  which  provoke  additional 
wave  losses  ("irreversibility"  losses  of  the  process); 

o)  the  redistribution  of  parameters  (velocities,  pressures,  and  others)  in  the 
vane  channels  in  the  clearance  and  behind  the  stage,  as  compared  to  the  calculation 
for  dxy  steam; 

f)  the  different  direction  of  the  velocity  vectors  of  the  water  and  steam  in 
absolute  and  relative  motion,  which  leads  to  swirling  of  the  main  flow; 

g)  the  expenditure  of  part  of  the  steam  energy  for  acceleration  of  water  drops, 
whose  velocity,  as  a  rule,  is  less  than  the  steam  velocity. 

The  difficulties  of  investigating  the  enumerated  factors  are  caused  by  the  fact 
that  during  motion  of  moist  steam  with  high  velocities,  the  steam  is  supercooled, 
the  dispersive  ability  of  the  moisture  changes,  the  thermodynamic  interaction  of  steam 
and  moisture  and  nonuniformity  of  the  distribution  of  moisture  is  observed  in  the  {  ) 
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section  of  the  flow,  which  is  increased  by  the  various  degrees  of  dispersion. 

Such  an  analysis  should  be  based  essentially  on  the  results  of  a  detailed 
investigation  of  the  thermo-  and  gas -dynamic  regularities  of  flow  of  moiet  see  am, 
which  are  nonexistant  at  the  present  time.  Corresponding  experimental  investigations 
are  hampered  by  the  absence  of  reliable  meters  of  local  moisture  and  other  measuring 
equipment,  and  also  the  procedure  employed  in  the  experiments. 

Below  we  shall  consider  some  theoretical  results  that  are  based  on  simplified 
flow  diagrams  of  moist  steta,  and  the  results  of  an  experimental  investigation  of 
the  elements  of  a  flow  area  and.  turbine  stages  which  were  obtained  in  a  number  of 
laboratories , 

The  elimination  of  moisture  in  a  flow  of  partially  condensed  steam  can  occur 
in  two  ways: 

a)  as  a  result  of  continuous  and  uniform  condensation  of  steam  due  to  a 
constant  Increase  of  the  dimensions  of  the  drops; 

b)  due  to  condensing  shocks. 

Both  mechanisms  of  condensation  are  carried  out  depending  upon  moisture,  velocity 
(M  number) ,  and  velocity  gradient  along  the  flow. 

In  a  sufficiently  prolonged  process  (low  speeds  and  velocity  gradients)  we 
find  the  first,  and  in  a  short  process,  chiefly  the  second  form  of  condensation. 

As  experiments  shpw,  both  forms  of  condensation  can  exist  jointly  at  high 

I 

velocities. 

The  formation  of  drops  in  the  flow,  their  development,  and  intensification  is 
a  complicated  thermo-  and  gas-dynamic  process  which  has  been  little  studied  up 
to  now.  The  kinetics  of  the  phase  transitions  in  a  steam  flow  in  the  minimum 
necessary  volume  is  not  considered,  which  naturally  hampers  an  analysis  of  the  basic 
properties  of  the  flow  01  moist  steam  in  the  flow  area  of  a  turbine. 

The  essential  features  of  the  process  of  condensation  in  moving  steam*  are: 

1)  supercooling  of  steam,  which  is  expressed  in  the  fact  that  its  temperature 
in  the  process  of  expansion  (acceleration)  fiom  the  saturation  state  or  slight 
overheating,  and  also  at  the  initial  moisture  content,  attains  values  that  are 
lower  than  the  saturation  temperature  which  corresponds  to  the  pressure  at  the 
end  of  expansion; 

2)  Pplydispersity  of  the  liquid  phase  after  the  beginning  condensat.  .on,  which 
*In  a  metastable  system. 
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can  exist  in  the  form  of  small  and  large  drops,  and  also  in  the  form  of  a  film  on 
the  channel  boundaries. 

Let  us  first  consider  the  motion  of  moist  steam  in  a  turbine  stage  with  a 
small  degree  of  moisture  content,  assuming  that  steam  expansion  starts  in  a  zone 
of  slight  overheating  near  the  upper  boundary  curve.  The  process  of  expansion  for 
this  case  is  depicted  in  Pig.  326.  The  stage  of  absolute  stagnation  before  the  nozzle 
cascade  is  depicted  by  point  0;  the  process  of  actual  expansion  in  a  nozzle  cascade 
corresponds  to  line  0-1,  and  in  a  moving  cascade,  line  1-2.  The  stagnation 
parameters  in  relative  motion  at  the  entrance  to  the  moving  cascade  can  be  found 
at  point  O'. 

The  actual  picture  of  expansion  in  a  stage  essentially  differs  from  that 
depicted  in  Fig.  326.  The  steam,  expanding  in  the  nozzle  cascade,  intersects  the 


Fig.  326.  Thermal  process 
ol‘  a  turbine  stage  in  an 
,-a  diagraii.  with  steam 
expansion  from  a  region  of 
slight  overheating. 


boundary  curve  without  condensation,  since  a  drop 
in  the  steam  volume  cannot  appear  without  an  essential 
disturbance  of  the  equilibrium  between  the  liquid  and 
vapor  phases.  Consequently,  the  steam  will  be  super¬ 
cooled  at  the  nozzle  cascade  exit,.  The  magnitude  of 
supercooling,  AT  =  T  -  T  (T  is  the  saturation 
temperature  at  the  given  pressure  p^,  T  is  the  actual 
temperature  behind  the  nozzle  cascade),  depends  on 
a  large  number  of  factors.  Theoretical  analysis  and 
experimental  data  show  that  AT  can  be  determined  by 
the  following  formula: 


(353) 


where  t  is  the  time  necessary  for  passage  of  a  vapor  particle  from  the  saturation 
state  (see  point  N  on  Fig.  326)  to  the  beginning  of  condensation; 

K  is  a  constant  that  is  equal  to  K  =  9360  sec  (°K)li  for  air. 

Figure  327  shows  the  dependence  of  AT  on  t,  which  is  calculated  according 
to  formula  (333).  Experimental  points  are  plotted  there  for  moist  air;  they  were 
obtained  by  Wegener  and  Smeit. 

It  should  be  emphasized  that  t  depends  on  the  flow  rate  and  the  longitudinal 
gradient  of  velocity  (or  pressure),  i.e.. 
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It  is  obvious  that  the  magnitude  of  supercooling  also  depends  on  the  velocity 
and  the  longitudinal  velocity  gradient.  Consequently,  from  equation  (355)  we  can 
disregard  -r  and  express  supercooling  in  the  following  manner: 


The  existence  of  the  dependence  of  AT  on  the  velocity  gradient  is  confirmed 
by  numerous  experiments  that  reveal  considerable  supercooling  of  steam  in  nozzles. 
Experiments  have  established  a  connection  between  the  steam  rate  and  the  rate  of 
condensation  and  supercooling.  It  is  obvious  that  the  lower  the  rate  of  con¬ 
densation  as  compared  to  the  change  of  the  flow  rate,  the  greater  the  supercooling. 

The  theory  of  phase  transitions  considers  processes  of  condensation  that 
occur  in  a  stationary  medium.  Let  us  consider  certain  relationships  that  characterize 

r  the  condensation  of  stationary  steam.  In  this  case 

psefc 

_ I _ _  the  magnitude  of  supercooling  can  be  determined 

_ I _ _  by  Ya.  I.  Frenkel's  formula  [116]: 


(554) 


20  HO  (0  80  100 ATX 


where  o  is  the  surface  tension;  vtf  is  the  molecular 
volume  of  the  liquid  phase;  r  is  the  latent  heat 


Fig.  327.  Dependence  of  f  . 

steam  supercooling  AT  on  P 

expansion  time  in  nozzle  .  .  . 

t  according  to  V.  Kantorovich;  " 

experimental  points  ware  ,~ 

obtained  by  Wegener  and  Smelt. 


of  vaporization;  dK  is  the  critical  diameter  of 


The  quantity  dK  determines  the  size  of  these 


droplets,  which  are  in  thermodynamic  equilibrium 

with  the  vapor  phase.  If  <  dK,  the  droplets  will  evaporate,  since  the  vapor  will 

* 

not  be  saturated  with  respect  to  such  small  droplets.  When  dK  >  dR,  the  droplets 
will  develop  due  to  vapor  condensation  on  their  surfaces. 

The  critical  diameter  of  a  stably  behaving  (not  evaporating)  droplet  is 
determined  from  the  condition  of  equilibrium  of  the  forces  acting  on  the  droplet 
(forces  of  static  vapor  pressure,  gravitational  forces,  and  forces  of  surface  tension). 
In  accordance  with  L.  I.  Degtyarev's  data  [21],  the  critical  diameter  of 


a  droplet  will  be: 


where  v'  and  v"  are  the  specific  volunes  in  the  beginning  and  at  the  end  of  expan¬ 
sion; 

p"  and  pH  are  the  pressures  at  the  end  of  expansion  and  saturation. 

* 

Consequently,  dK  depends  on  the  pressure  of  the  medium  and  the  magnitude  of 

supercooling.  With  the  increase  of  pressure  and  the  decrease  of  supercooling  AT, 

* 

d,,  increases* 

*  it 

In  the  initial  period  of  condensation,  when  the  droplets  have  small  dimensions 
* 

(dK  s  dH),  the  relation  between  the  length  of  the  free  path  of  tha  molecules  and 
the  droplet  diameter  has  an  Important  value  [116]; 


1/  aRT 

l  8  * 


where  L  is  the  length  of  the  free  path;  R  is  the  gas  constant;  p  is  the  coefficient 
of  dynamic  viscosity. 

When  L/dK  »  1,  the  rate  of  condensation  is  determined  by  Ya.  I.  Frenkel's 
formula  [116]: 


(355) 


Here  V  is  the  number  of  droplets  in  a  mass  of  vapor  containing  z  molecules 

per  unit  time;  j  is  the  number  of  molecules  in  incipient  form;  m„  is  the  mass  of 

6 

) 

a  molecule;  k  is  the  Boltzmann  constant;  pH  is  the  saturation  pressure. 

It  follows  from  formula  (335)  that  the  rate  of  condensation  depends  very  strongly 
on  the  magnitude  of  supercooling;  with  the  increase  of  AT,  the  rate  V  sharply 
increases.* 

When  considering  the  process  of  condensation  in  a  vapor  flow,  it  is  necessary 
to  consider  the  aerodynamic  features  of  the  flow  spectrum.  In  the  initial  period 
of  condensation,  when  the  droplets  have  small  dimensions  (finely-dispersed  moisture 
structure),  the  velocities  of  the  vapor  and  the  droplets  are  close.  In  this  case 
the  droplets  are  centers  of  condensation,  which  leads  a  gradual  increase  of  their 
mass  and  dimensions. 

The  increase  of  the  droplet  diameter  in  this  stage  of  condensation  (L/dK  »  1) 


*In  connection  with  the  difficulty  of  an  exact  determination  of  surface  tension 
a,  the  accuracy  of  formula  (335)  and  the  others  is  low. 
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can  be  determined  by  the  following  formula:* 


4  u  \  *>  g«  l »  RT  Tm  —  T 
it'-"  r  9,  I  2n  4a 

<t*QS 


or  by  Oswatitsch's  formula  for  rarefied  gases  [149]: 


3y-(7’«— 7). 


(356) 


(337) 


Here  TK  is  the  surface  temperature  of  a  droplet. 

Gradually,  as  the  mass  and  dimensions  increase,  the  droplets  start  to  lag 
behind  the  vapor  phase  and  are  enveloped  by  the  steam  flow;  therefore,  the  mechanism 
of  condensation  essentially  changes.  Further  enlargement  of  separately  considered 
droplets  occurs  under  the  influence  of  the  peculiarities  of  the  spectrum  of  the 
aerodynamic  flow  around  the  droplets. 

The  difference  in  the  vapor  and  droplet  velocities  leads  to  a  flow  around  the 
droplets,  which  are  then  deformed,  taking  on  the  shape  of  a  streamlined  body  (body 
of  minimum  resistance). 

Along  the  surface  of  a  droplet  there  takes  place  a  nonuniform  distribution  of 
velocities,  pressures,  and  temperatures.  On  the  lateral  surface,  where  the  pressure 
and  temperature  of  the  steam  will  be  lower  than  in  the  main  flow  of  steam  due  to 
the  considerable  local  supercooling  of  the  steam,  there  occurs  additional  conden¬ 
sation.  Consequently,  enlargement  of  a  droplet  occurs  mainly  due  to  local  con¬ 
densation  on  the  lateral  surface.  On  the  front  portion  of  the  droplets,  the  pressure 
will  be  close  to  the  stagnation  pressure  of  relative  motion.  The  average  pressure 
Inside  a  droplet  can  be  higher  than  the  pressure  of  the  steam  flowing  around  the 
droplet. 

In  the  considered  case,  the  condition  of  a  stably  behaving  droplet  (critical 
* 

diameter  dK)  is  determined  with  the  dynamic  influence  of  the  steam  flow  taken  into 
account. 

An  increase  of  the  dimensions  of  the  droplets  can  occur  due  to  different 
causes:  a)  due  to  the  merging  of  small  droplets  during  continuous  condensation; 
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b)  due  to  nonuniformity  of  the  velocity  and  pressure  fields;  c)  in  connection  with 
the  geometric  and  aerodynamic  peculiarities  of  the  duct  in  which  the  two-phase 
liquid  is  moving.  A  well-known  role  is  played  in  this  process  by  supercooling. 

As  a  rule,  all  the  ennumerated  factors  act  Jointly. 

The  moisture  droplets  formed  on  the  first  stage  have  extremely  small  dimensions 
(fractions  of  a  micron).  The  velocity  of  these  particles  is  very  close  to  the 
steam  velocity.  The  wave  length  of  any  small  disturbance  in  this  uniform  liquid- 
steam  mixture  should  be  considerably  larger  than  the  size  of  a  droplet  (diameter 
of  suspended  particles).  Only  in  this  case,  in  accordance  with  the  data  of  L.  D. 
Landau  and  E.  M.  Lifshitz,  the  velocity  of  small  disturbances  can  be  calculated 
by  means  of  a  Laplace  equation. 

Consequently,  if 

4c «  8. 

where  0.  is  the  wave  length  of  the  disturbance,  i.e.,  when 


(to  =  a/fi  is  the  frequency  of  the  disturbance  and  a  is  the  velocity  of  propagation 
of  the  disturbance),  the  determination  of  the  velocity  of  small  disturbances  can 
be  performed  with  the  use  of  the  Laplace  equation: 

which  can  be  converted  to  the  following  form: 

« -  »’(£).■  <5?8> 

Here  v  is  the  specific  volume  of  steam;  the  subscript  s  indicates  the  isentropic 
character  of  the  process  of  propagation  of  the  disturbance;  k  is  the  index  of  the 
isentropic  process,  which  is  equal  to 

*  =  -i  (*).•  («9) 

After  substitution  of  (339)  into  equation  (338),  it  is  easy  to  obtain: 


a  =  Y  kpv . 

Thus,  with  the  decrease  of  the  frequency  of  disturbances,  the  permissible 
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diameter  of  a  droplet  in  moist  steam  increases,  at  which  equation  (358)  will  ensure 
a  satisfactory  accuracy. 

For  various  gas -dynamic  calculations  of  flows  of  moist  steam,  it  is  necessary 
to  know  the  velocity  of  sound  and  the  index  k.  This  problem  was  solved  by  a  number 
of  authors  with  the  assumption  of  an  equilibrium  change  of  the  stage  of  the  moist 
steam.  In  particular,  V.  V.  Sychev,  for  a  determination  of  a  end  k  in  a  two-phase 
region,  obtained  the  following  formulas: 


a 


*T  V  *i~*)»v* 


(3^0) 


and 


A- — •. 


(541) 


Here  v*  and  v"  is  the  specific  volume  on  the  lower  and  upper  boundary  curves; 

i  " 

x  is  the  degree  of  dryness;  cv  and  cv  are  the  heat  capacities  for  constant  volume 
on  the  boundary  curves  in  the  area  of  the  two-phase  region. 

The  derivatives  (g^)s  and  (^)s>  and  also  dp/dl,  were  calculated  with  high 
accuracy  and  presented  in  appropriate  tables  [92]. 

For  simplification  of  the  calculations,  V.  V.  Sychev  constructed  a  nomograph 
a  (T,  x)  for  steam,  which  3c  ..  esented  in  the  appendix. 

Formulas  (340)  and  (3*rl),  and  also  the  indicated  nomograph,  give  a  satisfactory 
accuracy  of  calculation  only  when  the  two-phase  medium  is  finely-dispersed  and 
monodispersed,  and  contains  very  small  droplets  of  approximately  identical  dimensions. 

In  reality,  as  shown  earlier,  the  structure  of  the  flow  of  moist  steam  can 
essentially  differ  from  this  ideal  picture. 

Let  us  assume  that  the  change  of  the  vapor  state  in  the  two-phase  region  will 
be  quasi-static  and  equilibrium,  i.e.,  the  vapor  state  in  each  point  of  the  process 
will  correspond  to  the  diagram  parameters  (in  the  i-s  diagram). 

In  this  case,  with  a  low  moisture  content  of  the  steam  flow,  the  structure  of 
the  two-phase  system  is  the  simplest.  The  liquid  phase  exists  mainly  in  the  form 
of  extremely  small  suspended  particles.  Under  these  conditions  there  cannot  be 
large  droplet  and  films.  As  a  result,  the  actual  enthalpy  of  the  gas  on  a  wall  will 
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be  equal  to 


3. - 

where  r  =  vPr  is  the  recovery  factor  for  a  turbulent  flow.  Since  Pr  »  1  for  steam, 
it  is  obvious  that  i0CT  =»  iQ,  i.e.,  the  enthalpy  of  the  flow  at  the  wall  will  be 
rather  close  to  the  enthalpy  of  absolute  stagnation. 

When  considering  Fig.  326,  let  us  note  that  the  line  0-A,  on  the  assumption 
of  complete  recovery  of  enthalpy  in  the  boundary  layer,  characterizes  the  state 
of  the  steam  on  the  surfaces  of  the  nozzle  channels. 

Since,  in  relative  inlet  motion,  point  0*  characterizes  the  state  of  absolute 
stagnation,  tinder  the  same  assumption  concerning  complete  recovery  of  enthalpy 
in  the  boundary  layer,  the  line  0*03  depicts  the  change  of  the  steam  stage  on 
the  surfaces  of  a  moving  cascade.  It  is  not  difficult  to  see  that  moist  steam  flows 
over  only  an  insignificant  part  of  the  blade  surface  (on  section  O’D).  Consequently, 
with  a  small  degree  of  moisture,  the  steam  at  the  walls  turns  out  to  be  overheated. 

The  channel  walls  in  this  case  do  not  play  a  role  in  the  process  of  condensation. 

As  the  moisture  increases  during  vapor  expansion  in  the  flow  area,  conditions 
appear  which  favor  the  formation  of  enlarged  droplets.  The  droplets  will  lag  in 
their  motion  from  the  steam  flow,  which  also  promotes  the  formation  of  films. 

Finely-dispersed  moisture  weakly  affects  the  structure  of  the  steam  fiow  and, 
with  the  degree  of  moisture  )[  =  1  -  x  s  0.05,  it  does  not  cause  blade  erosion. 

The  effect  of  condensation  can  only  show  up  in  the  reaction  and  the  efficiency  of 
a  stage. 

The  process  of  increasing  the  dimensions  of  the  droplets  is  connected  with  the 
peculiarities  of  motion  in  the  flow  area  of  the"  stage.  During  steam  expansion  in 
the  nozzle  cascade  there  occurs  a  concentration  of  moisture  on  the  concave  surface, 
which  is  caused  by  the  curvature  of  the  flow  lines  in  the  channel  (Fig.  328a),  i.e., 
by  the  influence  of  centrifugal  forces  on  curvilinear  trajectories.  Due  to 
ejection  of  droplets  of  moisture  towards  the  concave  su.  face,  on  it  there  occurs 
the  primary  concentration  of  droplets.  Droplets  can  fall  onto  the  back  of  a  blade 
during  secondary  motion  of  steam  and  as  a  result  reflection  from  the  concave  surface. 

A  further  increase  of  the  size  of  the  droplets  occurs  on  the  rotor  blades.  Here 
the  droplets,  falling  into  the  boundary  layer,  move  under  the  influence  of  centrifugal 
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forces  in  a  radial 
direction  and,  merging 
with,  one  other,  are 
increased.  It  should 
be  emphasized  that  the 
concentration  of  mo  sture 
in  the  peripheral  section 
of  a  stage  is  explained 
not  only  by  the  swirling 
of  the  flow  at  the  nozzle 
cascade  outlet  (in  the  clearance),  but  also  by  the  influence  of  the  centrifugal 
forces  acting  on  the  droplets  that  are  moving  in  the  boundary  layer  of  the  rotor 
blades. 

The  condition  at  which  there  occurs  movement  of  particles  in  the  boundary 
layer  of  the  rotor  blades  in  a  direction  to  the  periphery  is  given  in  reference 
[163]: 


Fig.  328.  Diagrams  of  the  motion  of  moisture  droplets 
in  the  flow  area  of  a  stage:  a)  motion  of  droplets  in 
a  nozzle  cascade  with  velocity  distribution  behind  the 
cascade;  b)  motion  of  liquid  in  boundary  layers  on 
alades;  c)  influence  of  secondary  flows  on  erosional 
damages  to  blades. 


*  On 


>5, 


where  x^^  =  u/c^j  R  is  the  radius  of  the  location  of  the  droplet;  dH  is  the  diameter 
of  the  droplet;  pn  and  pB  is  the  vapor  and  water  density. 

This  condition  always  is  fulfilled  for  stages  of  steam  turbines,  since  R/d  » 

K 

»  1. 

A  diagram  of  the  motion  of  the  droplets  in  a  cross-sectional  view  is  shown  in 
Fig.  328b.  The  moisture  droplets  in  the  boundary  layer  of  the  rotor  blades  have 
large  radial  velocity  components  and  move  in  a  direction  to  the  periphery;  the 
droplets  in  the  peripheral  sections  are  ejected  from  the  blades.  Some  of  these 
droplets  go  into  the  main  flow  of  steam  and  are  pulverized  under  the  action  of  the 
2  2/ 

velocity  head  (cn~cB)/2.  New  formations  of  large  droplets  begin  in  the  following 
nozzle  cascade. 

It  should  be  emphasized  that  an  especially  intense  accumulation  of  condensed 
steam  on  the  nozzle  blade  occurs  at  the  tip  and  in  the  root  sections,  in  the  zone 
of  secondary  flows  (Fig.  328b).  Numerous  experiments  confirm  that  precisely  in 


these  zones  the  erosional  damages  turn  out  to  be  maximum. 

It'  follows  l'jom  this  that  the  process  of  increasing  the  dimensions  of  droplets 


is  essentially  influenced  by  the  structure  of  flow  in  the  cascades,  which  is  deter¬ 
mined  by  the  geometric  parameters  of  the  cascades  (flare  6,  angle  of -deflection  of 
flow,  shape  of  blades,  shape  of  flow  area  in  meridional  plane,  and  also  by  the 
gas-dynamic  and  performance  parameters  (to  and  Reynolds  numbers,  inlet  angle).  It 
is  necessary  to  consider  the  influence  of  the  radial  e^d  transverse  pressure 
gradients  in  the  nozzle  channels,  which  depend  on  the  above-mentioned  geometric 
and  performance  parameters.  These  gradients  determine  the  flow  in  the  boundary 
layers  on  the  blades.  Experiments  confirm-  that  an  essential  influence  on  the 
process  of  interaction  of  the  droplets  with  the;  moving  cascade  is  rendered  by 
the  size  and  shape  of  the  edge  wakes  behind  the  nozzle  blades,  depending  on  the 
structure  of  tbr  boundary  layers  on  the  trailing  edge  and  itc  thickness.  Large 
drops  of  water  are  concentrated  in  the  edge  wakes;  the  drops  enter  the  rotor  blade 
with  maximum  angles  of  incidence.  If  the  axial  clearance  is  increased,  then,  under 
the  influence  of  the  core  of  the  flow,  the.  moisture  droplets  in  the  edge  wake  will 
be  accelerated  and  pulverized,  which  will  have  a  favorable  effect  on  the.  flow  in 
the  moving,  cascade  and  will  decrease  erosional  wear.  Enlarged  axial  clearances 
improve  the  separation  of  moisture  from  the  stage.. 

Of  interest  is  a  rough  estimate  of  the  thickness  of  the  film  on  the  surfaces 
of  the  nozzle  and  moving  channels.  This  estimate  is  given  in  \l.  Traupel's  work 
fl58].  It  may  be  assumed,  that  the  film  thickness  is  determined  by  the  heat 
exchange  between  the  film  and  the  supercooled  steam-water  mixture  in  the  core  of  the 
flow.  On  the  basis  of  this  assumption  we  determine  the  amount  of  heat  given  off 
by  the  film  to  the  core  of  the  flow,  and  consequently,  the  quantity  of  moisture 
precipitated  on  the  wall.  According  to  the  author's  data,  the  flow  rate  ratio  of 
moisture  in  the  film  and  the  steam  in  the  core  of  the  flow  amounts  to  j  =  (0.25- 
0.5) ’10"^;  the  quantity  which  characterizes  the  ratio  of  the  flow  rate  of 
film  moisture  to  the  total  flow  rate  of  the  liquid  phase  in  the  channel,  amounts  to 
~2$.  An  estimate  of  the  film  dimensions  at  the  trailing  edges  of  the  blades  shows 
that  its  thickness  lies  within  the  limits  of  «  (2  to  4)* 10"^  mm. 

It  should  be  emphasized  that  the  thickness  of  liquid  films  on  the  back  and 
concave  surface  of  a  profile  will  be  unequal.  In  accordance  with  the  mechanism 
of  motion  of  the  droplets  in  the  channel,  the  thickness  of  the  film  on  the  concave 
surface  turns  out  to  be  larger. 

Thus,  moisture  can  occur  in  the  flow  area  of  a  stage  simultaneously  in  three 
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forms:  in  the  form  of  small  suspended  droplets,  in  the  form  of  a  film  covering 
a  blade,  and  in  the  form  of  enlarged  droplets.  The  numerical  ratio  of  the  various 
forms  of  moisture  depends  qh  the  above-mentioned  factors,  and  also  on  the  intensity 
of  steam  expansion,  and  consequently,  on  the  primary  condensation.  It  should  be 
borne  in  mind  that,  besides -the  droplets  proceeding,  to  the  considered  stage  during 
steam  expansion  in  the  given  stage  (secondary  droplets),  new  (primary)  droplets  can 
be  separated  in  the  flow. 

The  influence  of  moisture  on  profile  and  end  losses  in  turbine  cascades  has 
been  insufficiently  studied.  This  Investigation  must  be  conducted  in  a  wide  range 
of  variation  of  Reynolds  and  M  numbers  for  various  degrees  of  moisture,  separating 
the  conditions  with  the  transition  through  the  saturation  line  (x0  =  0)  from  the 
stage  of  weak  overheating  and  the  conditions  with  high  initial  moisture. 

Available  experimental  data  show  that  when  the  initial  humidity  is  Xq  >  0, 
the  losses  in  reaction  and  impulse  cascades  increase  as  compared  to  superheated 
steam. 


Some  data  that  illustrate  the  change  of  profile  losses  are  shown  in  Fig.  329. 
These  experiments  show  that  in  a  reaction  cascade  an  increase  of  losses  in  noted  at 

large  values  of  initial  moisture. 


on  profile  losses  in  impulse  and  reaction 
cascades,  [np  =  pr  =  profile] 


Thus,  for  instance,  the  transition 
from  the  state  of  overheating  to  the 
boundary  curve  (moisture  x0  ~  °) 
practically  did  not  change  the  level 
of  profile  losses  in  this  cascade. 
However,  at  x0  =  the  profile  losses 
noticeably  increased. 

A  characteristic  fact  is  that 
the  increase  of  losses  is  noted  mainly 


in  the  edge  wakes  behind  the  cascade,  i.e.,  in  the  zone  where  detachment  of  the 
films  occurred  and  small  and  larger  droplets  were  formed,  which  are  again  carried 
away  I  y  the  flow.  The  more  intense  influence  of  moisture  on  losses  in  an  impulse 
<•«(•••»  n»  is  explained  by  the  fact  that  the  velocities  at  the  entrance  to  this  cascade 
are  considerable  and  the  droplets  lag  even  Before  the  cascade.  Furthermore,  in  an 
impulse  cascade  the  f±ow  accomplishes  a  more  significant  circulation.  Experiments 
showed  that  even  at  a  low  initial  moisture,  \q  =  0-1$,  the  profile  losses  in  an 
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impulse  cascade  increased.  Especially  noticeable  Is  the  .increase,  of  losses  with 
the  increase  of  moisture  to  Xq  >  5$.  =  r 

§  51-  EQUATIONS  OP  CNE-DIMENSIONAL  MOTION  OF  MOIST'  STEAK  -  . 

AND  THE  SLIP  FACTGFf' 

We  shall  apply  general  conservation  equations  to  a.  flow  of  moist  steamy  con¬ 
sidering  the  motion  to  be  steady  and  one-dimensional;  the  distribution  of  the  liquid 
phase  in  a  cross  section  is  assumed  to  be  uniform.  Th£  existence  of  an  internal 
heat  exchange  between  phases,  caused  by  condensation,  is:  assumed. 

The  continuity  equation  may  be  written,  in  the  following. form: 

-  y' 

m  --  nu  -l-  m,  =  (F  —  A F)  ••  A Fqj:,, 

v;here  F  is  the  cross-sectional  area  of  a  channel;  AF  is  the  portion  of  the  cross- 
sectional  area  occupied  by  the  liquid  phase;  mn  arid  mB  are  the  mass  flow  rates 
of  the  steam  and  liquid  phases;  m  is  the  total  mass  flow  rate;  pB  and  pn  are 
the  densities  of  the  liquid  and  steam  phases. 

This  equation  is  not  difficult  to  corivert  to  the  ;followlng  form: 

I  -AF-j-A?c,v  =  4-i 

mn 

_  AT?  _ 

Here  AF  =  -|r;  pB  =  PB  /Pn  Is  ihe  density  ratio  of  the  liquid  and  steam 
phases;  v  =  c  B  /cn  is  'slip  factor. 

In  the  initial  (entrance)  and  intermediate  sections,  the  continuity  equation 
for  the  steam  phase  takes  on  the  following  form: 

FQncn  —  j  __  ^lQnlcnl 

(subscript  1  pertains  to  the  initial  section). 

i 

Substituting  the  quantity  mn,  we  finally  obtain: 

»  ,  (542) 

!+•(-- In¬ 
here  x  =  mn/n.  is  the  degree  of  moisture  of  the  flow  in  a  given  section. 

The  momentum  equation  in  differential  form  will  be  presented  in  the  following 
manner: 

(I ( mncn  ■  | ■  Fp  |-  m,c.)  i ■  l  ■  dS  \-dJ,  ■-  0.  ( 34 3 ) 

Hero  f,  is  the  coefficient  c-f  -Uxi.  irl'Mon  again- 1  the  walls,  JS  -  u^/u  is  an 
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element  of  the  length  of  a  wall  (D  is  the  diameter  of  a  channel);  dJx  is  the 
impulse  of  the  resisting  forces  of  the  droplets  in  the  flow. 

Disregard!-''-  the  influence  of  friction  against  the  walls  (£  -  0)  and  considering 
that  dJx  =  0,  we  shall  integrate  equation  (343)  oh  an  area  between  the  entrance 
and  intermediate  sections: 


•»A  '<  Fp  I  "A  ■  i  5-  fift  :  «‘tlcsl. 

For  the  steam  phase  we  will  use  the  B.  M.  Kiselev  transform: 

-*A-I 

A  , 

where  #(Xn)  «■  X^  +  Xn  -  c^/a*  and  a*  are  the  dimensionless  and  critical 
velocities  of  the  steam  phase.  After  simple  transformations,  we  can  obtain: 


<?.  [0  -  X)  ♦  (K)  -i-  jfj- x*,]  --  (i  •  x.)  HKx) 


,  2*  . 


(343a) 


Here  XB  «  cB/a#1;  a*  *  a#/a#1;  Xj/is  the.  initial  degree  of  moisture. 

The  energy  equation,  taking  into  account  the  internal  heat  exchange,  is  presented 
in  the  following  form: 


rf  njfdT,  +  m,  -----  0. 


(344) 


where  iQn  is  the  stagnation  enthalpy  of  the  steam  .phase;  c  and  TB  is  the  heat 
capacity  and  the  temperature  of  the  liquid  phase. 

If  cooling  of  the  droplets  can  be  disregarded,  equation  (344)  is  integrated: 

e2  <? 

'!•  ^4  ~2~  ~  W|i|4>|  4’  W»|  “2'-  ’ 

SLnce* 

a;  A  *f  I  4 

2,#"  ” 

the  energy  equation  takes  on  the  following  form: 


szx-if,  ,  irJ.  x>jj 
-x.  \  ■’  *41 1  -xj 


j  i.JllII 

'  *  -1- 1  I  -  X,  ■ 


(344a) 


'll  is  assumed  that  for  the  steam  phase  it  is  possible  to  take  the  average,  but 
constant,  value  of  index  k. 
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Considering  a  droplet  as  a  moving  material  point  (sphere),  we  can  write  the 
impulse  equation  (equation  of,  droplet  motion),  in  the  following  form: 

(un/tc.-P/tt- 

Here  Px  is  the  drag  of  a  droplet:.  AmB  is  the  mass  of  a  'droplet,  whose  si.ape 
is  assumed  to  be  spherical. 

The  drag  of  the  sphere  can  be  determined  by  the  following  formula: 

P*  —  CxFjl*  fos  "*■«)*• 


where  c^.  is  tne  drag  coexiicient;  Fy  is  the  cross-sectional  area  of  the  sphere. 
Noting  that 


*2 


,  Jiu.  •  _  x 


v/e  shall  ton vert  the  motion  equation  to  the  following  form: 


ejc. 


3_ 

4 


(345) 


since  dt  =  dx/c ■  ;  dx  is  an  element  of  the  droplet* s  trajectory. 

B 

For  low  degrees  of  moisture,  equation  (345)  may  be  presented  in  the  following 

form: 


_ _  3  fit 

(&■-')'  K~4'-  - 


(346) 


where 


•PW  = 


I  _  * — L 
1  *  + 1 


I  - 


*  +  l 


1) 


i 


Equation  (346)  is  integrated: 


x  — 


^ .  _ 


(347) 


The  equations  of  conservation  and  motion  ave  supplemented  by  the  equation  of 
stage  for  the  steam  phase: 


P  =  /(<?„.  Tn) 
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(  for  an  Ideal  gas  —  —  ~ ^ — ~ -^-),  the  equation  of  droplet  resistance: 

and  the  equation  of  heat  exchange  between  the  droplets  and  the  steam;  the  latter  may 
be  presented  in  the  following  form: 

*  ^ 

--  « (r.  -  rM)y  4*/ «  cq,  dT,. 


Here  a  is  the  coefficient  of  heat  radiation,  which  depends  on  the  Reynolds 
number,  the  slip  factor,  and  the  droplet  radius;  c  is  the  heat  capacity  of  water. 

Hence  we;  obtain  a  linear  differential  equation  with  respect  to  T0 

(5*8) 

where  T n  is  taken  as  a  function  of  time. 

The  equations  obtained  above  iorm  a  closed  system,  the  solution  of  which  is 
carried  cut  by  a  numerical,  method*  or'  on  ah  electronic  computer. 

One  of  the  main  problems  in  the  investigation  of  the  structural  form  of  the 
two-phase  system  reduced  to  finding  the  dimensions  of  the  droplets  and  the  relation 
between  the  velocities  of  the  two  ypftases  (slip  factor). 

The  establishment  of  this  relation  makes  it  possible  to  quite  easily  determine 
the  change  of  the  effectiveness  of  a  stage  and  Its  flow  rate  characteristics, 
depending  upon  moisture  within  the  confines  of  a  one -dimensional  flow  diagram  by 
means  of  velocity  triangles).  For  this  reason,  attempts  have  been  made  for  some 
time  to  establish  an  appropriate  connection  between  the  velocities  of  steam  and 
moisture.  On.;  of  the  first  works  in  this  direction  is  that  of  L.  I.  Degtyarev  [21]. 

It  is  obvious  that  the  sought  relationship  of  the  velocities  of  steam  and 
water  depends  on  the  quantitative  distribution  of  the  various  dimensions  of  the 
droplets  and  films  of  moisture  in  the  flow  and  consequently,  this  relationship 
cannot  l  exactly  determined.  The  above-mentioned  system  of  equations  permits 
an  approximate  solution  of  this  problem  within  the  confines  of  a  one-dimensional 
diagram. 

Let  us  consider  a  simpler  method  of  determining  the  slip  factor,  which  was 


*Iiecnuso  of  the  limited  volume  of  this  book,  the  solution  of  the  indicated 
equations  is  not  given. 
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developed  by  Yu.  Ya.  Kachurirer  [54].  Using  the  experimental  Nukiyama-Tanazava 
dependence  for  the  maximum  diameter  of  a  stably  behaving  droplet  (taking  into 
account  the  dvrnamic  pressure  of  the  steam  flow). 


and  assuming  that 


,  _  0.519  if  a 

'****  c,-cH »  o. 


cx  =  5.35Rex  2, 


the  author  reduces  equation  (545)  to  the  following  form: 

c,dct  =  S(cn-c.ydx,  (349) 

where 

S 

Equation  (349)  is  integrated  for  cn  =  const. 

Since  at  x  =  0  (iYi  -a.. -  i"<tial  section)  eBi  -  v^,  then 

c,  (I  —*,)<*  +  Vjjo.j-v'fd-v,)*  (350) 

(l-vI)»a-l+2v, 

In  formula  (350)  we  designate: 

a  =  2  ScHx. 

For  the  particular  case  of  *  0  (cBi  »  0  when  x  *  0),  we  obtain: 

'•  _  «-/5  (351) 

cn  ~  a~i  • 

Equations  (350)  aud  (351)  are  valid  for  a  constant  velocity  of  the  steam  phase. 
For  the  linear  law  of  change 

c„  =  kx. 

Yu.  Ya.  Kachuriner  obtained  the  following  formula: 

v,||/5[l-0,6)a  0,47a  -  0,23u  ]  a  •{- 

^  +0,l42u* — 0,38Ja!)'<7  f  0,0549a3  •••••].  (352) 

Equations  (350)  and  (352)  are  convenient,  tc  represent  graphically.  Figure 
530a  shows  the  curves  of  change  of  v,  depending  upon  a  for  different  v^.  The  curves 
on  Fig.  350b  characterize  the  influence  of  the  parameters  of  the  medium  on  the  value 
of  a. 
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Calculations  according  to  equation  (352)  show  that  for  small  droplet  dimensions, 
dK  =  (i-3)*l°  "j  the  velocity  ratio  v  is  close  to  unity.  In  this  case  the  lag  of 

moisture  particles  from 
the  steam  flow  is  small, 
end  the  losses  in  the 
stage,  which  are-  caused  by 


the  braking  effect  of 
moisture,  -also  will  be 


small. 


US  to  us  .2 JO  2JS  a  0 
a) 


S:  W  p 


Fig-  530.  Graphs  for  determining  -the  slip  factor 
according  to  Yu.  Ya;  Kachuriher's  method:  a) 
dependence  of  slip  factor  on  a  for  different  b) 


For  nonlinear  velocity 
distribution  of  the  steam 
flow  along  x,  the  initial 


influence  of  pressure  on  a  for  different  temperatures; 

curves:  1  and  2)  for  air,  T  =  .373°  and  T  =  273° »  3)  equati°n  (jk9)  can  be  solved' 


for  steam,  cn  =  100  m/sec. 


by  integration  with  respect 
to  separate  sections. 


Let  us  emphasize  that  Yu.  Ya.  Kachuriner’s  solution  leads  to  an  intense 
dependence 'of  the  slip  factor  v  on  the  Reynolds  number,  since 

ti 

a  =  2Sc„x  =  20,3Rexi^lr2l 

iV  ’ 

where  Re^  ■  CjjXj^/pjj  is  the  Reynolds  number  referred  to  the  length  of  a  flow  line. 


§  52.  CONDENSING  SHOCKS  IN  A  FLOW  OF  MOIST  STEAM 
The  available  experimental  data  distinctly  show  that  condensation  can  be 
carried  out  in  condensing  shocks  at  high  velocities.  In  this  case,  an  intense 
release  of  moisture  occurs  on  a  short  length  of  the  flow.  Consequently,  in  the 
section  where  a  condensing  shock  is  located  there  occurs  an  intense  release  of  the 
heat  of  vaporization;  as  a  result,  the  shock  changes  the  pressure,  density,  temper¬ 
ature,  and  velocity  of  the  flow. 

An  analytic  investigation  of  condensing  shocks  is  carried  out  by  means  of  the 
Joint  solution  of  conservation  equations  under  the  following  assumptions:  a)  con¬ 
densation  occurs  instantly,  so  that  a  clear-cut  3ine  that  separates  the  steam 
from  the  mixture  is  formed;  b)  the  effect  of  condensation  reduces  to  the  liberation 
of  the  latent  heat  of  vaporization;  c)  the  change  of  the  physical  properties  of  the 
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steam  phase  and  its  parameters  occurs  only  in  a  shock;  d)  the  influence  of  viscosity, 
heat  conduction,  and  diffusion  may  be  disregarded;  e)  after  the  shock,  the  moisture 
and  steam  have  identical  velocities. 

The  enumerated  assumptions  make  it  possible  to  obtain  calculation  equations 
for  condensing  shocks  by  means  of  the  joint  solution  of  three  conservation  equations: 
continuity,  energy,  and  momentum  [22],  [150]. 

In  the  form  of  a  connection  between  the  vertical  and  longitudinal  components 
of  velocity,  the  fundamental  equation  of  a  condensing  shock  has  the  following 
appearance  [22]: 


v4  T—~  (*•»  -  «*)  -  A/,1 

v'-fr-uy.b-"* .  — - 

Tfqrr  >*— *•!«»+ 1 


,(555) 


Here  X.  =  c./a#  is  the  dimensionless  velocity  before  the  shock; 

_  1  1 

u0  =  Up/a#  is  the  dimensionless  longitudinal  velocity  component  behind  the 
1  shock;. 

v2  =  Vg/a^  is  the  dimensionless  vertical  velocity  component  behind  the  shock'; 

Ai'0  =  Al0/i01  is  the  relative  change  of  stagnation  enthalpy  due  to  the  release 
of  heat  during  condensation; 

a,;,  I™,  are  the  critical  velocity  and  stagnation  enthalpy -before  the 
01  shock. 

Equation  (555)  represents  the  shock  polar  of  a  condensing  shock.  As  it  is 
known  [22],  condensing  shocks  can  appear  only  in  definite  quantities  of  condensing 
liquid.  The  maximum  increase  of  stagnation  enthalpy  in  a  shock  is  calculated  by 
the  following  formula: 


(554) 


where 


a*  ml"  (  )mlnf 


a^g  Is  the  critical  velocity  behind  the  shock. 

The  quantity  a*  determines  the  maximum  increase  of  critical  velocity  in 
a  eondonsint  shock ,  The  increase  of  stagnation  enthalpy  in  the  shock  is  connected 
with  the  degree  of  moisture  before  the  shock  by  the  following  relationship: 
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(355) 


A4=  — ?!— i 

*  I-Xi 

Formulas  (554)  and  (555)  Jointly  give: 


(356) 


Consequently,  with  relative  moisture  x  >  Xj,axi  condensing  shocks  are  not  able- 
to  exist.  In  this  case,  at  any  velocities  there  occurs  continuous  ana  uniform 
condensation  of  the  steam  portion. 

The  theory  of  shocks  shows  that  condensing  shocks  can  be  of  two  types:  a) 
subsonic  shocks,  which  corresponding  to  .the  condition  of  cnl  <  a^  and  cn£>  <  a2;  b). 

^supersonic  shocks,  in  which  cnl  >  and 
cn2  <  a2  (cnl  and  cn2  are  the  normal  velocity 
components'  before  and  after  the  shock) . 

'An  experiment  confirms  the  possibility 
of  the  formation  of  the  two  types  of" shocks. 
Figure  551  shows  the  spectrum  of  moist  flow 
of  air  ir».  a  convergent-divergent  nozzle.  Here 
we  can  distinctly  see  the  system  of  inter¬ 
section  oblique  shock  waves,  the  appearance  of 
which  is  not  connected  with  the  shape  of  the 
nozzle  walls  or  the  conditions  of  flow. 

In  accordance  with  a  theory,  the  position  of  a  shock,  its  shape,  and  intensity 
are  decisively  Influenced  by  the  air  moisture  content  arid  the  flow  rate.  Figure 
552  gives  curves  of  relative  pressure  and  number  before  a  condensing  shock, 
depending  upon  the  absolute  air  moisture  content  x>  according  to  the  experiments  of 
A.  A,  Stepchkov  which  were  conducted  in  a  convergent-divergent  nozzle.  With  the 
increase  of  moisture,  the  condensing  shock  moves  into  a  region  of  lower  numbers. 
With  the  increase  of  moisture,  the  supersaturation  of  the  air  flow  by  steam  decreases 
which  is  determined  by  the  ratio  of  partial  steam  pressure  to  the  saturation  pressure 


Pig.  551.  .'Condensing  shock  In  a 
flow  of  moist  air  at  M  =  1.7  and 
degree  of  moisture  x  =  0.55. 


pin/PlH>  and  there  also  occurs  supercooling,  AT  (Fig.  552). 

The  movement  of  a  condensing  shock,  depending  upon  moisture,  is  explained, 
apparently,  by  the  fact  that  as  the  quantity  of  steam  decreases,  its  condensation 
occurs  at  a  lower  temperature  which  corresponds  to  a  higher  number. 

The  shock  also  changes  shape  when  it  moves:  at  a  high  moisture  content,  the 


Fig*  3^.  Influence  of  absolute 
moisture  x  in  a  convergent-divergent 
nozzle  on  supercooling  AT,  IL  number, 

pressure  ratio  P^/Pgj  and  the  ratio 

of  partial  pressure  to  saturation 
pressure  pln/plH,  according  to 

A.  A.  Stepchkov's  experiments. 


shock  becomes  bridge-like  and  is  almost  straight}  with  the  decrease  of  moisture, 
as  a  rule,  a  system  of  two  intersecting  shocks  is  observed. 

In  this  case  one  can  determine  the  variation  of  parameters  in  a  condensing 
shock,  according  to  the  following  formulas: 
pressure  ratio 


l+- 


i+3 


1  («*  sin  P*  —  1,  cos  p J* 


where  the  velocity  behind  the  shock  is 


i 


*  +  l  l  +  A/#  1  \]  * 

2  (*-!)'  +  2  jj  * 


is  the  angle  of  the  condensing  shock; 
density  ratio: 


C»  _  Pi  /M.V  . 

<h  Pi  UW  ul  +  ~v\  ' 
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Increase  of  entropy: 

The  very  limited  quantity  of  available  experimental  data  shows  that  condensing 
shocks  form  in  the  nozzle  cascades  of  turbines  in  an  oblique  cross  section,  and  at 
M^  >  1  they  are  located  near  the  main  shocks  which  appear  during  steam  expansion 
in  this  section. 

With  the  increase-  of  moisture,  just  as  in  a  convergent -divergent  nozzle  (Fig. 
331),  the  shocks  move  in  a  direction  to  the  narrow  section  of  the  vane  channel  and, 
with  the  increase  of  velocity,:  the  condensing  shocks  move  toward  the  flow. 

It  may  be  assumed  that  supercooling  attains  maximum  values  in  the  transonic 
zone  that  is  characterized  by  maximum  longitudinal  velocity  gradients.  This 
peculiarity  of  transpnic  flows  gives  us  a  basis  to  consider  that  at  *»  1  con¬ 
densation  does  not  generally  occur  in  a  flow  of  steam.  This  assumption  is  indirectly 
confirmed  by  experiments  with  Laval  nozzles,  in  the  minimum  section  In  which 
M  »  1,  and  the  observed  supercooling  attains  very  large  magnitudes.  Condensation 
in  a  Laval  nozzle  Is  found  In  the  divergent  (supersonic)  portion. 

In  conclusion,  let  us  note  that  from  the  aerodynamic  point  of  view  the  process 
of  condensation,  which  causes  a  local  decrease  of  pressure  at  the  points  where 
the  condensation  centers  are  located,  apparently  leads  to  turbulization  of  the  flow, 
since  condensation  is  accompanied  by  an  intense  exchange  of  impulses  in  a  transverse 
direction. 


J 


§  53-  FLOW  RATE  CHARACTERISTICS  OF  NOZZLES  OPERATING 
WITH  MOIST  STEAM 

For  ideal  gases  that  are  governed  by  an  equation  of  stage,  the  theoretical 
mass  flow  density  in  any  given  section  may  be  determined  by  the  following  known 


relationship  (22]: 


/  — 


(3  57) 
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where 


m.  is  the  theoretical  mass  flow  of  gas  per 
second; 

F*  is  the  area  o'.  the  nozzle  outlet  section; 

P0..  v0  are  the  pressure  and  specific  volume  of 
J  the  stagnated  flow; 

»  1 

ft  —  ~~  =  (*^  ~)  X/(l — *  is  the  given  theoretical  flow  rate; 

ptj  are  the  density  and  velocity  in  the  nozzle 
outlet  section  for  an  isentropic  flow;. 

p*,  a*  are  the  critical  density  and:  velocity  in 
the  outlet  section; 

is  the  dimensionless  velocity; 


B,  =  ft 


-is  the  theoretical  discharge  coefficient.. 


The  actual  mass  flow  density  will  differ  from  the  theoretical  one,  and  it  can 
be  found  by  the  following  formula: 


(358) 


where  B  is  the  actual  discharge  coefficient. 

The  flow  rate  coefficient  of  the  nozzle  is  equal  to 


For  superheated  steam,  the  flow  rate  coefficient  p.  characterizes  the  decrease 
of  the  outlet  section  of  the  nozzle  by  the  boundary  layer.  This  decrease 
quantitatively  is  expressed  by  the  depth  of  displacement,  6*.  It  is  obvious  that  the 
discharge  coefficient  B  and  the  flow  rate  coefficient  p  depend  on  the  basic 
parameters  that  determine  the  development  of  the  boundary  layer  in  the  nozzle,  i.e.. 


B  —  f  ^Re,, 

and 


Here 


Re^  is  the  Reynolds  number  in  the  outlet  section  of  the  nozzle; 

M.  is  the  M  number  calculated  with  respect  to  the  pressure  ratio  in  the 
nozzle,  e  P2/P01; 
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Pg  is  the  static  pressure  in  the  external  medium; 

d^/d-  is  the  dimensionless  pressure  gradient. 

As  indicated  earlier,  convergent  flows  of  saturated  and  moist  steam  differ  by 
a  number  of  peculiarities:  a)  the  change  of  state  cannot  be  expressed  by  the 
equation  of  state  of  an  ideal  gas,  and  the  isentropic  exponent  k  ceases  to  be  a 
constant  that  characterizes  the  process  on  the  whole;  b);  the  steam  in  the  critical 
section  of  the  nozzle  is  in  a  supercooled  state,  whereby  the  equation  of  state 
of  this  steam  is  unknown;  c)  the  phase  homogeneity  of  the  flow  is  disturbed  in 
any  section  of  the  nozzle;  in  the  region  of  flow  near  the  wall-,  a  film  will  form, 
the  velocities  of  the  liquid  and  steam  phases  will  be  unequal,  and  the  velocities 
proceeding  to  the  nozzle  will  also  be  different  due  to  the  initial  moisture  and  the 
droplets  formed  during  motion;  d)  the  flow  process  is  unbalanced  and  metastable; 
therefore,  the  thermodynamic  method  of  investigating,  the  equilibrium  processes 
turns  out  to  be  unacceptable. 

Consequently,  the  discharge  coefficient  B  for  moist  steam  should  depend  on. 


besides  Re^,  M^,  and  the  longitudinal  pressure  gradient,  the  initial  degree  of 

moisture,  \'q  =  1  -  xq  (xq  is  the  initial  degree  of  dryness),  on  the  magnitude  of 
—  F 

supercooling  AT,  on  the  area  of  the  nozzle  section  occupied  by  film  jr-A  and  on  the 

slip  factor.  Thus : 


B 


We  shall  first  consider  the  results  of  an  investigation  of  the  flow  rate 
characteristics  of  a  nozzle  operating  with  .superheated  steam  (MEI  experiments). 

Figure  333  presents  curves  of  the  discharge  coefficient  B  depending  upon  Re,^  and 
e.  Trie  discharge  coefficient  B  ceases  to  depend  on- Re^  when  Re^  2  4.5*10°. 

With  the  decrease  of  e,  the  discharge  coefficient  increases  from  B  =  2.015  at 
e  =  0.52  to  B  =  2.07  at  e  »  0.1.  The  increase  of  the  coefficient  occurs  with  the 
increase  of  the  pressure  drop  on  the  nozzle  at  supercritical  pressure  drops,  which 
is  explained  by  the  structure  on  the  boundary  layer  in  the  outlet  section  of  the 
nozzle.  As  shown  in  reference  [22],  under  such  conditions  the  actual  minimum 
section  of  flow  does  not  coincide  with  the  outlet  section  of  the  nozzle. 

At  subcritlcal  drops  the  boundary  layer  continuously  increases  along  the  nozzle 
generatrices  and  the  depth  of  displacement  in  the  outlet  section  has  a  maximum  value. 


With  supercritical  drops,  the  pressure 
near  the  outlet  section  is  equal  to 
critical,  and  it  is  less  than  critical 
behind  the  nozzle.  Under  the  action 
of  the  pressure  difference  on  the  out¬ 
let  section  of  the  nozzle  there  occurs 
a  sharp  decrease  in  the  depth  of  displace¬ 
ment  ("blow-out"  of  the  boundary  layer), 
whereupon  reconstruction  of  the  layer 
starts  inside  the  nozzle,  since  the 
disturbances  through  the  subsonic  part' 
of  the  -layer  are  propagated  against 
the  flow.  This  reconstruction  of  the 
boundary  layer  at  the  outlet  section 
involves  an  increase;  of  the  actual 
("effective")  critical  section  of  flow 
(as  compared  to  subcriticai  conditions),  and  the  steam  flow  rate  increases. 

With  the  decrease  of  e,  there  occurs  a  more  intense  "blowing-out"  of  the 
boundary  layer  at  the  nozzle  section}  the  actual  critical  section  is  then  even  more 
displaced  against  the  flow  (Fig.  333).  The  area  of  the  critical  section  continues 
to  increase,  and  the  flow  rate  through  the  nozzle  increases.  The  discharge 
coefficient  B  then  increases. 

For  a  confirmation  of  this  hypothesis,  we  measured  the  pressure  distribution 
along  a  nozzle  wall.  Graphs  of  the  pressure  distribution  show  that  when  e  ~  0.25, 
Inside  the  nozzle  at  a  distance  of  4  to  5  nun  from  the  edge,  the  steam  flow  is 
supersonic,  i.e,,  the  critical  section  of  the  nozzle,  which  corresponds  to  e*  = 

=  0.5*16,  Is  located  Inside  the  nozzle  (see  Fig.  35**) • 

Calculation  of  the  depth  of  displacement  by  the  method  presented  in  [22]  gives 
the  value  of  6*  in  the  nozzle  throat  as  equal  to  0.3  mm.  An  increase  of  the 
discharge  coefficient  from  2.02  to  2.07  for  the  tested  nozzle  should  correspond  to 
a  decrease  of  6*  by  0,25  mm.  Consequently,  it  is  possible  to  expect  that  at  e  » 

~  0.1  there  occurs  almost  complete  "blowing-off"  of  the  boundary  layer. 

Thus,  experiments  on  the  determination  of  discharge  coefficients  for  superheated 
steam  showed  that,  in  distinction  from  foregone  conclusions,  in  supercritical  pressure 


coefficient  of  an  axially  symmetric 
convergent  nozzle  on  the  Reynolds  number 
and  pressure  ratio  (M  number)}  experiments 
of  G.  V.  Tsiklauri  (MEI).  with  superheated 
steam. 
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drops  the  discharge  coefficient  for  convergent 
nozzles  depends  on  the  Reynolds  number  and  the 
pressure  drop  on  the  nozzle.  This  means  that 
the  flow  rate  coefficient  \i  also  under  super¬ 
critical  conditions  depends  on  Re^  and  ML, . 

The  results  of  sin  investigation  of  the  flow 
rate  characteristics  of  a  nozzle  with  saturated 
and  moist  steam  at  supercritical  pressure  drops 
are  presented  in  Fig.  335.  These  experiments 
show  that  with  the  approximation  of  the  initial 
steam  parameters  to  the  boundary  curve  of  the 


Fig.  331*.  Influence  of  moisture  phase  transition,  the  coefficient  B  starts  to 
on  pressure  distribution  along 

a  nozzle  wall  under  subcriticai  increase.  Upon  transition  to  the  two-phase  region, 


a  nozzle  wall  under  subcriticai 
and  supercritical  conditions: 
experiments  of  G.  V.  Tsiklauri 
■(MSI) ; 


the  discharge  coefficient  continues  to  increase, 
but  more  intensely,  whereupon  where  all  four  curves 


gradually  converge.  This  approximation,  with  a  high  initial  moisture  content,  may 
be  explained  by  the  formation  of  a  liquid  film  in  the  throat  area  of  the  nozzle, 
which  is  stabler,  and  consequently,  the  depth  of  displacement  of  the  mixed  boundary 
layer  (liquid  film  and  steam)  decreases  less  intensely  with  the  decrease  of  e. 

As  can  be  seen  from  Fig.  333,  the  experiments  revealed  the  influence  pf  the 
Re^  number  on  the  discharge  coefficient,  whereby  the  influence  of  R^  is  noticeable 
at  higher  Re1  than  in  the  case  of  superheated  steam  (ReiaET0M  =  6.3*10  for  moist 
steam,  instead  of  ReiaBT0H  =  4.5  X  10^  for  superheated  steam.  This  fact  con¬ 
firms  the  more  intense  mechanism  of  viscosity  in  a  flow  of  moist  steam. 

Thus,  the  flow  rate  characteristics  of  nozzles  in  supercritical  conditions 
for  moist  steam  qualitatively  change  depending  upon  s  (or  Mj)  and  Re^  just  as  for 
superheated  steam. 

The  above -considered  results  of  the  investigations  distinctly  showed  that  the 
value  of  the  discharge  coefficient  with  supercritical  pressure  drops  for  moist 
steam,  B  =  2.035,  which  was  recommended  by  Bendeman  in  1907  and  is  widely  used 
in  calculations  of  the  flow  areas  of  steam  turbines,  lies  below  the  given  experimental 


data. 


The  dotted  line  in  Fig.  335  shows  the  change  of  the  theoretical  discharge 


coefficient  depending  upon  the  initial  moisture  content  and  superheating  for 
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Fig.  535.  Dependence  of  discharge  coefficient 
B  on  moisture  content  at  different  Reynolds 
numbers  and  pressure  ratios  (MEI  experiments). 


supercritical  conditions.  It  is 
obvious  that  upon  transition 
from  superheated  steam  to  moist, 
the  exponent  k,  and  consequently 
also  B^,  change  abruptly.  The 
isentropic  exponent  changes 
from  1.3  for  superheated  steam 
to  1.135  for  dry  saturated  steam, 

i 

which  corresponds  to  a  change  of 
Bt  from  2.09  to  1.99.  With  the 
increase  of  the  degree  of 
moisture,  the  discharge  coefficient 

i 

Bt,  which  is  calculated  according 
to  V.  V.  Sychev,  continues  to 
drop  slightly,  while,  according 
to  an  experiment  conducted  at  MEI, 
Bt  increases.  This  divergence 
of  theory  and  experiment  can  be 
explained  by  the  circumstance 
that  a  thermodynamic  analysis 


does  not  consider  the  above-mentioned  peculiarities  of  the  flow  of  saturated  and 
moist  steam  in  a  nozzle. 

The  character  of  the  influence  of  moisture  on  the  discharge  coefficient  in 
subcritlca]  conditions  remains  the  same  as  in  supercritical  conditions;  however, 
this  influence  turns  out  to  be  weaker  quantitatively.  With  the  increase  of  the 
initial,  moisture,  the  discharge  coefficient  B  increases  less  intensely  than  in 
supercritical  drops. 

The  qualitatively  identical  influence  of  moisture  is  also  confirmed  by  graphs 
of  the  pressure  distribution.  Along  a  nozzle  wall  (see  Fig.  33^ ) 5  with  the  increase 
of  moisture,  the  pressure  in  all  sections  increases.  This  Increase  of  pressure  is 
a  result  of  the  simultaneous  heat  and  flow  rate  influence  on  the  flow.  However, 
the  graphs  in  Pig.  334  also  lead  to  another  conclusion.  Thus,  for  example,  for  the 
case  of  superheated  steam  and  dry  saturated  steam,  the  pressure  curves  shown  on  the 
graph  completely  coincide.  This  indicates  that  during  expansion  from  the  saturation 
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line,  the  steam  behaves  in  the  same  way  as  superheated  steam;  there  does  not 
occur  a  noticeable  release  of  moisture.  Which  would  lead  to  deformation  of  the  pres¬ 
sure  curve  (due  to  the  internal  heat  input  and  change  of  the  flow  rate)  during  con¬ 
densation. 

The  increase  of  the  steam  flow  through  a  nozzle  with  the  increase  of  moisture 
is  explained  by  the  Joint  influence  of  several  factors:  supercooling  of  the  steam 
phase,  increased  cross-sectional  area  of  the  steam  phase,  and  supply  of  heat  to 
it  from  the  liquid  phase  (even  in  .the  absence  of  phase  transitions),  and  also 
stagnation  of  the  steam  flow  by  droplets  of  moisture..  A  decrease  of  the  flow  rate 
promotes  the  formation  of  a  liquid  film  on  the  nozzle  walls  and  expenditure  of 
energy  for  accelerating  the  motion  of  liquid  particles. 

An  evaluation  of  the  significance  of  separate  factors  shows  that  their  influence 
essentially  depends  on  the  degree  of  moisture.  Thus,  for  instance,  the  increase  of 
the  cross-sectional  area  of  the  steam  phase,  which  is  caused  by  the  increase  of  the 
velocity  of  the  droplets  as  they  pass  through  the  nozzle,  turns  out  to  be  insig¬ 
nificant  with  degrees  of  moisture  x  i  10-20#  and  slip  factors  v  close  to  unity 
(see  formula  (342)].  In  those  cases  when  the  slip  factors  v  «  ±,  the  influence 
of  this  factor  can  be  perceptible. 

Small  values  of  v  are  characteristic  of  the  liquid  film  on  the  nozzle  walls. 
Consequently,  as  one  may  see  from  equation  (342),  its  influence  on  the  steam  flow 
rate  can  be  essential.  A  decisive  value  is  obtained  by  supercooling  when  the  supply 
of  heat  to  the  steam  phase  is  the  most  intense,  when  the  dimensions  of  the  droplets 
are  small  and  the  steam  is  decelerated  by  the  droplets,  whlcn  causes  an  increase  of 
its  density. 

The  influence  of  the  enumerated  factors  leads  to  an  Intricate  redistribution 
of  the  parameters  of  flow,  as  a  result  of  which  the  pressure  on  the  nozzle  walls 
is  increased  (Fig.  334). 

As  the  moisture  content  increases,  the  film  blockage  of  the  minimum  section 
increases  and  the  slip  factor  changes  in  the  core  of  the  flow,  which  leads  to  a 
less  intense  increase  of  the  flow  rate. 

I  On  the  basis  of  experimental  data  for  supercritical  and  subcritical  pressure 

drops,  we  constructed  the  dependence  of  the  discharge  coefficient  B  on  the  pressure 
ratio  k  Cor  different  degrees  of  moisture  at  the  inlet  (Fig.  336).  For  a  comparison, 
Fig.  336  shows  Bendeman's  experimental  points  and  an  analytic  curve  of  for 
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Pig.  336.  Flow  rate  characteristics  of 
convergent  nozzles  with  moist  steam: 

a)  dependence  of  discharge  coefficient 
oh  e  for  different  moisture  contents; 

b)  dependence  of  flow  rate  coefficient 
on  moisture  content  for  different  e 
(MEI  experiments). 


k  =  1.135  (dotted  line). 

The  calculation  of  the  flow  areas 
of  "turbine  cascades  usually  employs  the 
flow  rate  coefficient  p  =  B/Bt>  whose 
value  for  moist  steam  depends  on  the 
method  of  determining  the  theoretical 
discharge  coefficient  B^.  If  B^  is 
determined  with  respect  to  exponent 
k,  depending  on  the  degree  of  ’moisture 
[see  formula  (357)]*  the  flow  rate 
coefficient  upon  transition  through 
the  saturation  line  changes  abruptly. 
This  creates  evident  inconveniences  for 
practical  calculations. 

In  an  area  of  small  superheating 
and  small  degrees  of  moisture,  the 
flow  rate  coefficient  can  be  determined 
by  referring  the  actual  discharge 
coefficient  to  the  theoretical  one 
that  was  calculated  for  k  =1.3.  The 
corresponding  curves  that  are  shown  in 
Fig.  326b  can  be  used  for  the  calcu¬ 
lations.  It  should  be  borne  in  mind, 
however,  that  the  graphs  in  Fig.  336 
were  obtained  for  an  axially  symmetric 


nozzle.  At  small  degrees  of  moisture  (xQ  s  10$)  the  values  of  p  for  nozzle  cascades 
closely  conleide  with  those  shown  in  Fig.  336.  ^or  impulse  cascades  (and  for 
nozzle  e.n.ivJidcs  with  high  moisture  content)  there  is  nonunifomity  of  the  liquid 
phase  (sma)t  and  large  droplets,  films  of  different  thickness  on  the  back  and  con¬ 
cave  surface),  and  the  flow  rate  coefficients  can  noticeably  differ. 

§  5'l.  INFLUENCE  OF  MOISTURE  ON  THE  CHARACTERISTICS  OF 
A  TURBINE  STAGE 

Systematic  investigations  of  the  effect  of  moisture  on  the  efficiency, 
reaction,  and  flow  rate  coefficient  of  turbine  stages  are  being  conducted  at 
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MEI,  NZL,  BITM,  KTZ,  and  TsKTI.  The  material  accumulated  is  not  yet  sufficiently 
complete;  however,  it  permits  us  to  make  a  number  of  essential  conclusions  concern¬ 
ing  the  performance  of  a  stage  in  a  region  of  moist  steam. 

The  KTZ  laboratory  studied  the  influence  of  moisture  on  the  efficiency  of 
a  double-wheel  regulating  stage.  The  corresponding  data  are  given  in  Pig.  337.  The 
influence  of  mol-ture  turns  out  to  be  quantitatively  different,  depending  upon  the 

heat  drop  in  the  stage,  i.e., 

1*  pc  -' - - - - 

u/c^  0,225  LnJn*  ...  on  the  number.  At  subsonic 

_ _ i-ofitti  -"H — — — — rri  ^ 

_ : /f  y  velocities,  moisture  causes 

.„  S  s,  U'O*  S  S T  - 

- - * —  gig _ [  a  more  intense  lowering 

^  1  e,-023 

QS2S  — - - ; _ QP2 - - -I —  of  efficiency  than  at  super- 

gjl  I  I  I  J — t — It?  sonic  velocities  for  a 

0  25  5  7J  to  OJ  n,.X  o.  j  z  3  •  xt* 

Fig.  337.  Change  of  the  Fig.  338.  Relative  double-wheel  stage.  It  may 

relative  internal  effi-  decrease  in  efficiency  .  ..  , 

ciency  of  a  double-wheel  of  a  group  of  three  be  assume(1  that  this  result 

stage,  depending  upon  stages,  according  to  exnlalned  bv  the  eon- 

final  moisture  content  at  KTZ  experiments,  ls  exPialnea  DY  tne  con 

supersonic  velocities •  depending  upon  the  olderablv  vreat  sunercoollns 

<X  (j)  -  0.225;  e  =  0.0667  moisture  behind  the  -lderably  grea  supercooling 

(KTZ  experiments).  turbine.  0f  steam  at  MQ  >  1.  The  main 

process  of  condensation  then 


0  1  2  3  *  j&JS 


Fig.  338.  Relative 
decrease  in  efficiency 
of  a  group  of  three 
stages,  according  to 
KTZ  experiments, 
depending  upon  the 
moisture  behind  the 
turbine . 


occurs  either  on  the  second  wheel,  or  behind  the  stage.  Furthermore,  at  high 
velocities,  the  size  of  the  droplets  decreases  and  the  relative  velocity  of  their 
motion  Increases  (see  §  50). 

These  considerations  are  also  confirmed  by  KTZ  experiments  with  a  group  of 
stages  [128].  The  magnitude  of  the  decrease  in  efficiency,  depending  upon  the  degree 
of  moisture,  is  shown  in  Fig.  338.  It  should  be  noted  that  when  the  pressure  ratio 
In  a  group  of  three  stages  is  eQ  =  0.*},  the  drops  along  all  stages  are  subcritical, 
and  on  the  last  stage,  when  eQ  =  0.23,  the  drop  is  supercritical. 

An  investigation  of  the  influence  of  moisture  on  the  performance  of  intermediate 
stages  was  carried  out  by  Yu.  Ya.  Kachuriner  and  A.  P.  Fadeyev  [110]. 

These  experiments  were  conducted  at  subsonic  velocities  «  0.5  (eQ  =  0.82- 
O.935)  and  .low  Reynolds  numbers  Re  »  2*10^  in  one  stage  with  a  diameter  of  d  -  72^ 
mm  nozzle  grid  height  =  *13.9  mm  at  =  13°  and  =  21°. 

Figure  339  gives  efficiency  curves,  depending  upon  x  for  different  degree.: 
ol'  moisture.  As  the  moisture  increases,  the  graphs  show  a  noticeable  lowering  in 


efficiency,  and  the  flow  rate  coefficients  also  increase. 


* 


By  the  location  of  t]q^  curves  1  and  3  it  is  clear  that  the  influence  of  moisture 


increases  as  xa  increases.  Obviously,  this  result  can  be  explained  by  the  sharp 


Fig*  339*  Influence  of  moisture  on  the 
internal  efficiency  of  a  stage,  accord¬ 
ing  to  the  experiments  of  Yu.  Ya, 
Kachuriner  and  I.  P.  Fadeyev  (NZL)  with 
0  =  14 .6,  -  13°,  and  =  21°;  curves: 

1  —  superheated  steam;  2  —  Xq  -  0.9; 

X2  =  1.4$;  3  -  X0  =  2.8^;  x2  =  3*3$; 

4-  x0  -  3-9$;  x2  =  4.55*. 


increase  of  the  angle  of  entry  of  water 

droplets  0^.  onto  the  rotor  blades; 

the  Increase  of  3.  turns  out  to  be 
1  B 

intense  in  connection  with  the  fact  that 
the  velocity  of  the  droplets  decreases 
as,  x-^  (since1  the  steam  velocity  cln 
then=  drops ) . 

As  ctj.  be  seen  from  the  curves 
on  Fig.  ,340b ,  for  the  given  x^  the 
decrease  in  efficiency  Anoi.  linearly 
increases  from  the  initial  degree  of 
moisture,  while  at  x0  =  const  it  in¬ 


creases  linearly,  depending  on  x^.  Let  us  note  that  the  linear  character  of  the 
curves  for  Atj0  ^  =  f(Xo)  is  confirmed  also  for  a  group  of  stages  :(see  Fig.  338). 


The  experiments  of  the  authors  can  be  described  by  a  formula  of  the  following 


form : 


(359) 


where  coefficient  k  varies  within  comparatively  small  limits.  In  accordance 
with  the  graphs  on  Fig.  340,  It  may  be  assumed  that 

k  =  2,0— 2,4; 

XQ  ~s  the  initial  moisture  in  the  stage. 

It  should  be  emphasized  that  formula  (359)  is  valid  for  subsonic  velocities. 
Considering,  however,  that  the  linear  character  of  the  dependence  (Xq)  remains 
also  for  supersonic  velocities,  it  is  possible,  assuming  that  k  =  1.7-1. 8,  to 
also  use  it  for  this  region. 

Investigations  of  single -wheel  stages  for  different  degrees  of  moisture  were 
conducted  at  MEI.  Some  results  of  these  experiments,  which  are  shown  in  Fig.  340a, 
partially  confirmed  the  data  obtained  at  NZL.  Thus,  for  Instance,  it  is  confirms’ 
that  the  lowering  of  stage  efficiency  linearly  depends  on  x^.  The  data  in  §  53 
concerning  the  influence  of  an  Increase  in  the  degree  of  moisture  on  the  increase 


Fig.  J40.  Influence  of  steam  moisture  on 
stage  performance:  a  —  internal  efficiency 
and  reaction  in  root  and  peripheral  sec¬ 
tions,  depending  upon  x^.  and  x0  (MEI 

experiments);  b  —  lowering  in  efficiency, 
depending  upon  for  various  Xq5 

according  to  NZI>  experiments,  curves 

for  0  =  14.6,  a ^  »  13°,  and 

P2  =  22°;  MEI  experiments,  -  (solid 

lines). 


of  the  flow  rate  coefficient  of  a 
stage  are  also  confirmed.  The  linear 
dependence  of  At^  on  the  initial 
degree  of  moisture  is  proved  in  the 
same  way  (Fig.  340b). 

The  obtaihinent  of  different 
absolute  values  Ar^<.  at  MEI  and 
NZL  is  explained  by  the  design 
peculiarities  of  the  test  stages. 

Thus,  for  instance,  the  MEI  stage 
was  tested  in  an  unshrouded  model. 

The  experiments  conducted  at 
MEI  also  showed  that  the  degree  of 
moisture  renders  a  noticeable 
influence  on  the  stage  reaction. 

With  the  increase  of  moisture,  the 
reaction  at  the  tip  and  in  the  root 
section  increases,  especially  at 
large  x^  (see  Fig.  340).  It  may 
be  assumed  that  the  increase  of 
the  reaction  is  caused  by  the  fact 
that  the  flow  rate  coefficients  for 
a  nozzle  cascade  increase  more  in¬ 
tensely  than  for  a  moving  one  (due 
to  the  larger  convergence  of  chan¬ 
nels).  The  decrease  in  steam  velocity 
at  the  nozzle  cascade  outlet,  in 
connection  with  additional  losses 
due  to  moisture,  has  a  well-known 
value.  The  angles  of  entry  to  the 


moving  cascade  increases  then, 

and  the  reaction  also  increases.  An  analogous  change  of  the  angle  (3^  and  the 


reaction  causes  a  decrease  of  the  slip  factor  v. 


In  the  last  stages  of  condensing  turbines  with  large  flare,  the  influence  of 
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Root  section 


moisture  will  be  different  in  the  various  sections  along  the  blade  height.  Let  us 
consider  the  velocity  triangles  in  the  peripheral  and  root  sections  of  a  stage  (Fig. 

The  absolute  steam  velocity  in  a  clearance  c1  n  at  the  periphery  will  be 
considerably  lower  than  in  the  root  section.  In  accordance  with  this,  the  velocities 
of  the  moisture  droplets  c^  B  will  be  lower  at  the  periphery  (the  ratio 
C1  b  /cl  n  also  decreases  from  root  to  periphery,  since  this  quantity  depends 
on  the  M  number).  In  connection  with  the  fact  that  the  peripheral  velocity  increases 
toward  the  tip,  the  absolute  value  and  the  angles  of  the  relative  velocity  of  the 
droplets,  Wj^  B  and  (3^  B  ,  sharply  increase  toward  the  tip  (see  Fig.  Jtla).  As  a 
result,  the  braking  action  of  the  moisture  droplets  and  the  losses  due  to  moisture 
Intensely  increase  toward  the  peripheral  sections,  where,  naturally,  there  is 
concentrated  a  larger  quantity  of  moisture  (the  droplets  of  moisture  are  rejected 
to  the  periphery  by  centrifugal  forces). 

The  stage  outlet,  in  absolute  motion,  the  moisture  droplets  have  significantly 
greater  swirling  («2  B  »  a?  n  ),  which  also  leads  to  additional  losses  of 
energy. 

From  a  consideration  of  the  velocity  triangles,  it  may  be  concluded  that  ir  the 
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the  root  sections  the  liquid  phase,  which  causes  losses,  also  develops  some  effective 
work  and,  in  the  peripheral  sections,  this  work  is  a  negative  quantity.  Con¬ 
sequently,  the  losses  due  to  moisture  in  a  stage  with  long  blades  are  variable 
along  the  radius. 

Investigations  of  large-flare  stages  in  a  region  of  moist  steam  are  being 


conducted  at  this  time  on  a  very  limited  scale. 

Of  considerable  interest  are  the  results  obtained  by  F.  V.  Kazintsev  (MEI)  in 
the  investigation  of  a  stage  with  8  =  2.74.  The  experiments  were  conducted  at 


low  supersonic  velocities  (Mq  =  1.04,  e  =  0.52)  in  a  zone  of  low  Reynolds  numbers 

(Re„  =  (0.4-1. 2) *10^)  in  superheated  and  moist  steam;  Ah  increase  of  the  Re 
C1  '  1 
number,  which  is  carried  out  by  lowering  the  initial  superheating  and  increasing  the 


final  pressure,  leads  to  an  increase  of  stage  efficiency  (Fig.  342,  curves  1  and  2). 

A  further  lowering  of  superheating  to  AtQ  =  1.4°  (curve  3)  leads  to  an  increase  of 

the  Re  number  (Re  =  1.2*10-1)  and  to  the  appearance  of  moisture  behind  the 
C1  C1  ’ 

stage,  x2  ~  !*6#**  However,  the  efficiency  of  the  stage  practically  did  nov  change. 
Only  with  the  increase  of  moisture  to  x2  =  5*6#  (initial  moisture  x0  =  3$)  an 
intense  decrease  in  efficiency  of  the  stage  is  noted. 


Thus,  the  transition  through  the  boundary  curve  during  expansion  in  a  stage. 


and  the  ap-jearance  of  final  moisture  at  low  Reynolds  numbers,  when  the  influence  of 


Fig.  342.  Change  of  the  effi¬ 
ciency  of  a  stage  with  long  blades 
at  different  Reynolds  numbers, 
depending  upon  steam  moisture; 

F.  V.  Kazintsev1 s  experiments  (MEI) 
with  0  =  2.74  and  e  =  0.52  (Mn  » 

-  1.04).  0 


this  parameter  is  considerable  (conditions 
outside  the  zone  of  self-similarity),  does  not 
lead  to  a  decrease  in  efficiency.  In  comparison 
with  a:  zone  of  superheated  steam  (curve  1), 
the  efficiency  of  a  stage  with  little  moisture 
(curve  3)  is  increased. 

Consequently,  in  a  zone  of  low  Recl  num¬ 
bers  and  small  amounts  of  steam  moisture,  the 
influence  of  the  Re  numbers  is  more  essential. 

Above  we  gave  empirical  formulas  that  made 
it  possible  to  estimate  the  influence  of 
moisture  on  the  efficiency  of  turbine  stages. 
This  problem  may  be  considered  within  the  frame¬ 
work  of  the  usual  equations  of  one-dimensional 


■^Separation  of  moisture  was  not  considered  in  the  MEI  experiments. 
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flow  in  f  stage  under  certain  simplifying  assumptions.  This  problem  was  first 
solved  by  Tserkovits,  who  established  the  influence  of  stage  parameters  on  the  losses 
due  to  moisture. 

We  shall  first  determine  the  energy  expended  by  a  steam  flow  for  accelerating 
the  water  droplets.  The  differential  equation  of  impulses  has  the . following  form 
[110]: 

m  %<jc*dct  —  m  fjfjlc,  —  dE--=0,  ( 360 ) 

where  dE  is  the  impulse  of  dissipative  forces,  which  is  equivalent  to  the  loss  of 
kinetic  energy  during  acceleration. 

Considering  that  the  steam  velocity  in  the  acceleration  phase  can  be  assumed 
as  constant  (c1  n  ),  and  the  droplet  velocities  increase  from  zero  to  c^  ^  ,  and 
integrating  expression  (360),  we  will  obtain: 


A£  =  m  Xifiicu- 

When  the  steam  velocity  in  the  acceleration  phase  is  increased,  the  magnitude 
of  the  loss  is  determined  by  the  following  formula: 

A E  -  0.65  m  t<f  lncu. 

The  relative  loss  will  be: 


A  £  = 


.,1,3  *_(£!«)’ 


0 -f 


C%  n 


1  — /.i  cm 


(361) 


Here  x0  and  Xg  is  the  deSree  of  moisture  before  and  after  a  stage; 

<P  is  the  velocity  coefficient;; 

II 

c.  _  is  the  velocity  of  secondary  droplets  at  the  nozzle  cascade  exit. 
Wc  shall  now  determine  the  power  developed  by  a  stage  in  moist  steam,  considering 
the  steam  and  water  phases  separately. 

The  power  of  the  steam  phase  will  be: 

A'm  ”  (I  •  ■  Xji"  ( --  M:)  >U  (362) 

where  1  -  x0  ~  desree  of  dryness  behind  the  stage. 

The  power  developed  by  the  primary  droplets  that  have  formed  in  the  given 
stage  is  equal  to 

(x,  -  •  Xo)w//0»C-  (363) 
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The  quantity  1  -  Xq  =  *q  is  the  degree  of  dvvness  at  the  entrance  to  the  stage; 

t 

is  the  efficiency  of  the  primary  water  phase. 

The  power  developed  by  the  secondary  droplets  will  be: 

N’u  «**//.>&  O64) 

I! 

where  q  .  is  the  efficiency  of  the  secondary  water  phase,  which  proceeds  from  the 
preceding  stage. 

The  stage  efficiency  in  a  region  of  moist  steam  is  determined  by  the  following 
formula: 

Hf  +  Nl  +  Nl 

* 

where  Nq  is  the  available  power  of  the  stage. 

After  substituting  expressions  (362),  (363) »  and  (364)  into  the  last  formula, 
we  will  obtain: 

rutx  ~  1(1  -  Xj  ("»  "  *)#i  i-  (X,  —  X»)  X 

X  -f-  X*mW.>C] .  ( 365 ) 

The  relative  decrease  in  efficiency  is  equal  to 


(366) 


Formula  (3 66)  can  be  simplified  on  the  assumption  that  the  primary  droplets 
have  the  same  efficiency  as  the  steam  phase. 

Substituting  the  value  of  AE  into  (366)  according  to  formula  (361),  and  using 
the  condition  of  ri  *b  «  qoi,  we  can  find  the  relative  decrease  in  efficiency  in 
the  following  form: 


A']ttl  mln  ='  ( 1  ~  c,[ )  [ : 1  !'  ij'J  ( 7* )  ] 


-i-  J.3x«fr(i  —  q) 


Cm 


(367) 


and 
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A']./*-.  =  X»  [j  --  —  r 1 "  e  cosa,  V. 

x£-v)]+UW!ni'c)£-  '  (368) 

Formulas  (567)  and  (568),  which  were  obtained  by  Yu.  Ya.  Kachuriner,  give  the 
minimum  and  maximum  decrease  in  the  efficiency  of  a  stage  that  is  operating  in  a 
region  of  moist  steam.  The  minimum  values  of  Aqoi  correspond  to  case  when 
the  work  accomplished  by  the  droplets  on  the  blades  is  maximum,  and  the  maximum 
values  (Arj^  max) ,  when  the  work  of  the  liquid  phase  is  minimum. 

It  directly  follows  from,  formulas  (367)  and  (568)  that  the  dependence  of 
Arj^  on  u/c^  and  the  other  stage  parameters  turns  out  to  be  considerably  more 
complicated  than  shown  by  the  empirical  formulas. 

It  should  be  noted  that  for  calculation  of  it  is  necessary  to  know  the 

slip  factor  in  a  clearance  v,  the  procedure  for  whose  calculation  was  presented 
in  §  51. 

A  simpler  formula  can  also  be  used  for  calculation  of  Arj^  [110]: 

'  <♦)]*  (369) 

which  satisfactorily  coincides  with  the  experimental  data. 

Tserkovlts  obtained  formulas  for  the  efficiency  of  a  stage  in  moist  steam 
in  the  following  form: 


'lof* — 

where  the  coefficient  £  is  determined  separately  for  an  impulse  stage 


(370) 


Vx  cos  <it  -  -*U- 
_ w. 

II 

COSH,  •* 


(371) 


and  a  reaction  stage 


2^x  com, 

lP- - 

2  cos  u,  — 


(372) 


the  quantity  x  =  d  -  1/2(Xq  +  Xg)  is  the  mean  degree  of  dryness  of  a  stage. 
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Formulas  (569) ,  (571),  and  (372)  distinctly  show  that  the  influence  of  moisture 
at  constant  u/c^  will  he  more  essential  at  larger  u/c^,  which  is  well  confirmed 
qualitatively  by  experiments.  As  a1  increases,  the  influence  of  moisture  also 
increases. 

The  obtained  theoretical  and  experimental  results  that  show  the  influence  of 
and  x  ^  are  physically  explained  quite  simp.ly:  as  and  x  ^  increase, 
the  stagnation  effect  of  moisture  increases  in  a  stage,  which  may  be  seen  from 
the  velocity  triangles. 

Let  us  note  that  calculation  by  means  of  the  Tserkovits  formulas,  (371)  and 
(372),  shows  that  with  an  increase  of  moisture  by  1$£,  the  efficiency  of  a  stage 
decreases  by  1  to  1.1$,  which  closely  coincides  with  Bauman's  data  in  which  he 
proposed  that  £  =  x  in  formula  (370).  It  should  be  stressed  that  the  theoretical 
considerations  of  Tserkovits  concerning  the  decrease  of  the  influence  of  moisture 
in  a  reaction  stage  [formula  (372)]  are  not  confirmed  by  experiments. 

The  presented  method  of  determining  the  decrease  in  efficiency  can  also  be 
extended  to  a  large-flare  stage.  Two  ways  of  solving  the  problem  are  possible. 

1.  The  distribution  of  parameters  of  the  steam  phase  is  established  with 
respect  to  the  radius  in  a  clearance  with  the  additional  losses  due  to  moisture 
taken  into  account,  and  the  quantity  Aqoi,  which  is  variable  along  the  radius, 

is  calculated.  A  preliminary  estimate  of  the  moisture  distribution  with  respect 
to  the  radius  in  a  clearance  is  performed. 

2.  The  field  of  velocities  and  pressures  of  the  liquid  and  steam  phases  is 
calculated  in  a  clearance  and  behind  a  stage  and,  on  this  basis,  the  additional 
stage  losses  are  determined. 

The  first  method,  before  obtaining  reliable  experimental  data,  is  simpler  and 
more  reliable.  The  initial  data  are  those  from  the  stage  calculation  carried  out 
for  dry  steam  according  to  the  equations  of  radiul  equilibrium,  energy,  and  con¬ 
tinuity  (Chapters  VII  and  VIII). 

For  estimating  the  moisture  distribution  with  respect  to  the  radius  behind  a 
nozzle  cascade,  it  is  possible  in  first  approximation  to  take  the  linear  law  of 
X(r).  If,  in  the  absence  of  moisture  (see  Chapter  VIII),  the  distribution  c^ 
with  respect  to  the  radius  is  known,  it  is  not  difficult  to  find  the  slip  factor 
v1  in  the  various  sections.  In  this  case,  it  is  determined  on  graphs  in  Fig.  330 
or  analytically  by  means  of  formula  (350)  or  (352). 


After  estimating  the  moisture  Xi  in  an  initial  (root  or  middle)  section, 
and  assuming  a  linear  lav/  of  increase  of  moisture  toward  the  periphery,  by  means 
of  formula  (369)  v/e  find  the  decrease  of  efficiency  in  the  various  sections  with 
respect  to  the  radius,  =  f(r). 

The  mean  value  of  the  decrease  in  efficiency  due  to  moisture  for  a  stage 
is  determined  by  the  following  formula: 

G 

tp '  )  At| oflG* 

0 

It  is  further  necessary  to  find  a  more  exact  value  of  the  distribution  of  the 
reaction  -with  respect  to  the  radius  with  moisture  taken  into  account.  For  this 
purpose  v/e  shall  use  the  continuity  equation,  after  writing  it  for  a  separate 
stream  in  control  sections  in  a  clearance  and  behind  the  stage: 

(I  —  7.1)  A  G-vu  |I 
(I  -  With- 

where  AG  Is  the  flow  rate  of  dry  steam  through  an  elementary  stream; 

v.,b  and  v„t  are  the  specific  volumes  at  the  end  of  isentropic  expansion  in  the 
*  nozzle  and  moving  cascades; 

f.  and  f?  are  the  areas  of  the  outlet  sections  within  the  limits  of  one 
elementary  stream; 

li,  and  u„  are  the  flow  rate  coefficients  in  a  given  annular  section  of  the 
nozzle  and  moving  cascades. 

Hence  v/e  find  the  corrected  values  of  clt  and  Wgt,  and  consequently,  the 
values  of  the  reaction  for  separate  streams. 

After  determining  the  efficiency  of  a  single  stage,  it  is  possible  to  estimate 
the  change  of  the  effectiveness  of  an  entire  group  that  is  operating  in  a  region  of 
moist  steam  by  the  following  formula: 

Ai|o( 

where  Xn  is  the  degree  of  moisture  at  the  end  of  the  actual  process  of  expansion 
in  a  group  o'  stages. 

An  essential  influence  on  the  efficiency  of  an  entire  turbine  is  rendered  by  the 
distribution  of  the  available  heat  drop  between  the  zones  of  superheated  and 
moist  steam.  After  designating 


(r 


fc  _  H-  .  h  ..]L~ 
1C-*  “  //,  ’ 


where  Hqh  and  Hoh  are  the  available  heat  drops  in  the  region  of  superheated  and 


‘OB 


moist  steam;  Hq  =  Hqh  -  HQB  ;  we  can  then  obtain: 


(373) 


•u/»  -=  n*i  (Vr* tJf)' 

where  Tjoi  is  the  efficiency  of  a  group  of  stages,  without  moisture  taken  into  account. 

The  Tserkovlts  method  [formula  (373)  J  was  '.extended  to  a  multistage  turbine  by 
L.  I.  Degtyarev.  He  obtained  an  expression  similar  to  the  following: 

1W,  “  n./  (»1  +  njtm).  (37^) 

where 


1+Vl-XtT 


CM 


«■--(£), 


"  ‘  /  «  \ 

““‘"-(id, 

al  cp  and  (u/c^cp  are  the  mean  values  of  and  u/c^  for  stages  operating  in  a 
region  of  moist  steam. 

In- conclusion,  we  shall  give  Porner's  rather  simple  formula: 


»U/x  ==*«!./.  (575) 


where 


A  -  ,,~ 

"  "  1>7  • 

XgT  is  the  degree  of  humidity  at  the  end  of  the  process  of  expansion  in  the  turbine. 

In  comparing  the  various  methods  of  estimating  the  effect  of  moisture  on 
the  efficiency  of  a  stage  and  a  turbine  on  the  whole,  let  us  note  that  the  formulas 
which  were  derived  theoretically  (Tserkovits,  Forner,  Yu.  Ya.  Kachuriner,  and 
others)  and  obtained  experimentally  (Melank,  Pake,  and  others)  give  different 
results.  The  difference  in  the  correction  factors  for  moisture  amounts  to  Z-H#. 
Elementary  calculations  by  means  of  the  given  formulas  show  that  with  a  change  of 
moisture  by  \$,  the  efficiency  of  a  turbine  on  the  whole  varies  in  wide  limits, 
depending  upon  the  distribution  of  the  heat  drop  between  regions  of  superheated 
and  moist  steam. 
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Experiments  on  the  study  of  the  influence  of  moisture  on  the  characteristics  of 
a  turbine  stage,  which  were  conducted  in  a  number  of  laboratories  with  moist  steam, 

are  confirmed  qualitatively  by  Investigations 
in  moist  air. 

Thus,  Fig.  343  gives  the  efficiency 
curves  of  a  stage  with  long  blades,  depending 
upon  x^  and  the  degree  of  moisture. 


Fig.  343.  Dependence  of  the  effi¬ 
ciency  of  a  stage  on  x  ^  and  the 

degree  of  moisture  during  tests 
in  moist  air,  according  to  R.  M. 
Yablonik's  data;  0  =10.45  14.  ~ 

«  0.3;  Ref>1  =  5  x  10-3;  rotor  blades 

are  twisted  according  to  the  lav/ 
-uir  =  const.  Curves:  1)  x0  =  0; 

2)  Xq  -  4.1#;  3)  X0  =  7.0#;  4} 

X0  -  9-6#;  3)  X0  =  12:3#; 


which  were  obtained  by  R.  M.  Yablonik  in:  air 

experiments.  The  character  of  the  location 

of  the  efficiency  curves  confirms  the  results 

obtained  with  moist  steam  for  analogous  values 

of  M  and  Re  numbers.  The  linear  character  of 

the  change  of  losses  due  to  moisture,  depending 

upon  y  .  is  a iso  confirmed. 

•qj 


At  the  same  time,  the  given  results  do 
not  provide  a  basis  for  a  generalization  of 
the  conclusions  concerning  the  possibility  of 
replacing  moist  steam  by  moist  air  in  model  investigations  of  stages.  In  spite  of 
the  fact  that  the  quantitative  coincidence  of  losses  due  to  moisture  in  steam  and 
uir  is  satisfactory,  extrapolation  of  these  results  to  other  M  and  Re  numbers  v/ould 
be  invalid. 


§  55.  SOME  RESULTS  OF  AN  INVESTIGATION  OF  BLADE  EROSION 
Ac  a  static  investigation  shows,  erosion  of  blade  cascades  at  a  given  moisture 
content  essentially  depends  on  the  length  of  operation,  a  number  of  design  factors 
of  the  flow  aiea,  the  technology  of  manufacture  and  the  material  of  the  blades,  and 
also  the  thermo-and  gas-dynunic  stage  parameters. 

Of  much  Interest  are  the  results  thut  indicate  the  influence  of  droplet  size 
and  the  slip  fad  or  v  on  the  erosional  damages  to  blades. 

Available  experimental  data  illustrate  the  influence  of  some  of  the  enumerated 
fuel  ora  on  'he  intensity  of  erosional  damage  t,o  blades.  Table  25  and  Fig.  344, 
which  are  b 01  rowed  from  the  work  of  0.  Preiskorn  [163],  give  the  erosion  character¬ 
istics  for  two  types  of  'urbine  blades  manufactured  from  various  materials  and 
placet!  In  u  .«  for  different  lengths  of  time  at  various  peripheral  velocities  and 
decree,  of  meis '  urc- . 
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First  of  all,  it  should  be  noted  that  the  type 


of  flow  area  slightly  affects  the  intensity  and 
character  of  erosional  damages.  As  can  be  seen 
from  Table  25  and  Fig.  under  identical  operating 

conditions  the  erosional  damages  to  blades  of  impulse 
and  reaction  flow  areas  remain  approximately  identi¬ 
cal. 

The  development  of  the  erosional  process  is 
nonuniform  in  time.  Blades  erode  most  intensely 
in  the  initial  period  of  operation,  which  continues 
for  3000  to  5000  hours.  During  longer  operation, 
erosional  damages  increase  insignificantly.  It 
should  be  emphasized  that,  depending  on  the  quality 
of  the  material,  the  period  of  the  most  severe  erosion 
is  displaced,  in  time:  for  high-alloy  durable  steel, 
intense  erosion  is  detected  at  1  i  5  to  8000  hours, 
and  for  blades  made  from  low  alloys,  from  the  moment 
of  the  beginning  of  operation. 

The  bibliography  presents  data  that  indicate 
the  features  of  the  process  of  erosion  which  is  caused 
by  moisture  droplets  with  high  velocity  and  large 
angles  of  incidence  that  enter  an  operating  channel, 
and  consequently,  strike  against  the  surface  of  a 
blade.  The  degree  of  blade  da:;  ave  in  this  instance 
depends  on  one  size  and  number  of  the  droplets,  the 
difference  in  the  velocities  of  steam  and  moisture, 
and  also  on  the  crumpling  resistance  of  the  blade 
material. 

The  mechanism  of  erosion  to  the  present  time 
has  not  yet  been  sufficiently  studied;  however,  the 
available  results  of  observations  distinctly  show  that  the  purely  mechanical 
influence  of  droplets  cannot  explain  the  phenomenon  of  erosion  [ 163 3 .  As  calculation 
show,  the  kinetic  energy  of  the  droplets  is  not  sufficient  enough  to  cause  any 
considerable  blade  wear.  In  order  to  cause  such  wear  during,  'he  interaction  of  he 
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droplets  with  the  surface  of  a  blade, 
very  large  forces  must  be  developed; 
the  local  Increases  of  pressure  In 
this  case  must  attain  magnitudes  of 
the  order  of  10,000  kg/cm  .  Such 
high  .pressures  can  appear  only  as  a 
result  of  vapor  separation.  Conse¬ 
quently,  it  is  possible  tc  consider 
that  erosion  of  blades  -working  in  a 
region  of  moist  steam  is  caused  mainly 
by  vapor  separation  phenomena.  A 
definite  role  is  played  here  by  both 
the  mechanical  and  electrical  influence  of  moisture  on  the  blade  surface. 

During  vapor  separation  there  appear  not  only  very  high  pressures,  but  also 
correspondingly  high  local  temperatures,  which  cause  chemical  reactions  on  the  blade 
surface.  It  should  be  emphasized  that  the  available  data  indicate  the  possibility 
of  the  appearance  of  resonance,  at  which  the  frequency  of  pulsations  in  the  bubbles 
is  multiple  to  the  frequency. 

The  complex  role  of  the  various  factors  that  determine  erosional  wear  indirectly 
is  confirmed  by  experiments  oriented  on  the  study  of  the  influence  cf  the  mechanical 
properties  of  the  blade  material:  hardness,  viscosity,  and  others. 

Prom  the  conducted  experiments,  the  influence  of  those  properties  of  materials 
was  not  detected.  However,  nonmetallic  inclusions  have  a  negative  effect  on 
erosional  wear,  just  as  does  the  quality  of  treatment  of  the  blade  surface:  rough¬ 
ness  and  unsatisfactory  connection  of  the  filler  metal  with  the  base  material  pro¬ 
motes  erosional  wear. 

It  should  be  noted  that  the  protection  of  blades  from  erosional  wear,  besides 
the  use  of  stellite  filler  plates,  requires  the  application  of  other  methods,  such 
as  electrolytic  chrome-plating  or  elec  trie -spark  machinery  of  working  surfaces. 

Returning  to  the  evaluation  of  the  influence  of  external  factors  (size  and 
velocity  of  droplets),  let  us  note  that  experiments  [163]  confirmed  the  theoretically 
predicted  influence  of  these  factors,  Erosional  wear  increases  approximately  in 
proportion  to  the  absolute  size  of  the  droplets  and  in  proportion  to  the  square 
of  the  difference  of  the  velocities  of  steam  and  water.  Figure  345>  which  was 


Un/sec 


Fig.  344.  Diagrams  of  erosional  damage 
to  blades  of  condensing  steam  turbines  of 
various  design  (see  Table  25). 


-568- 


taken  from  the  article  by  G.  Preiskom,  represents  the  most  important  results  of 
these  experiments.  It  appears  from  them  that  the  decrease  of  blade  weight  sharply 


increases  with  the  increase  of  the 

peripheral  velocity  (the  difference 

in  velocities  of  steam  and  droplets 

increases  in  this  case)  for  an 

identical  duration  of  operation.* 

With  the  increase  of  the  number  of 

Fig.  345.  Decrease'  Fig.  346.  Decrease  droplet  impacts,  the  erosional  wear 

in  the  weight  of  a  in  the  weight  of  a 

rotor  blade  due  to  rotor  blade  due  to  ‘  1  first  increases  sharply,  and  then 

erosional  wear,  erosional  wear, 

depending  upon  the  depending  upon  the  decreases  (Fig.  346). 

peripheral  velocity  number  of  droplet 

at  the  tip.  impacts.  On  the  basis  of  operational 

observations,  and  also  the  physical 

and  theoretical  considerations  given  above,  it  may  be  concluded  that  the  erosional 
wear  of  turbine  blade  cascades  can  be  essentially  decreased  if  certain  constructive 
measures  are  taken. 

Thus,  for  instance,  a  decrease  in  number  and  extent  of  edge  waxes  behind  a 
nozzle  cascade,  which  are  attained  by  increasing  the  relative  pitch,  careful 
profiling  of  the  nozzle  cascades,  which  ensure  minimum  losses,  and  thinning  of  the 
edges,  makes  it  possible  to  decrease  erosional  wear,  since  in  this  case  the  formation 
of  large  droplets  in  a  clearance  is  hampered. 

A  decrease  of  the  ti’ansverse  pressure  gradients  is  also  favorable  in  the 
peripheral  channel  sections,  which  leads  to  a  lowered  intensity  of  secondary 
leakages  and  erosional  wear,  correspondingly.  This  is  attained  by  decreasing  the 
angle  of  rotation  in  the  nozzle  cascade  and  by  selecting  appropriate  increased 
angles  of  entrance  into  the  nozzle  cascade.  In  moving  cascades,  if  there  are 
moisture  collectors,  it  is  expedient  to  apply  large  angles  of  rotation  of  the  flow. 
Conversely,  if  there  are  no  moisture  collectors,  the  angles  of  rotation  in  the 
mor ‘ ag  cascade  should  be  decreased. 

It  is  expedient  to  employ  enlarged  axial  clearances  between  the  edges  of 
nozzle  and  rotor  blades,  which  promotes  a  balancing  of  the  flow  in  the  clearance 
and  dispersion  of  the  droplets.  Selection  of  enlarged  clearances  also  ensures  better 

*The  number  of  droplet  impacts  z  is  taken  to  be  equal  to  the  blade  speed  i  1  a 
period  of  operation. 
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moisture  separation. 

The  external  configurations  of  cascades  in  the  meridional  plane  should  be 
smooth  (conical  ones  are  desirable)  in  order  to  ensure  good  separation  of  moisture. 

It  should  be  stressed  that  the  application  of  protective  coverings  and  fillers, 
stellite  for  instance,  which  are  widely  used  in  the  turbine-construction  industry, 
gives  a  noticeable  effect  only  if  the  blade  surface  remains  smooth  and  large 
temperature  strains  do  not  appear  in  the  blade  material. 

§  56.  TUBINE  MOISTURE  COLLECTORS 

An  effective  method  of  decreasing  losses  due  to  moisture  in  turbine  stages 
and  as  a  result  of  bla.de  erosion  is  separation  of  moisture  from  the  flow  area  by 
means  of  moisture  collectors. 

At  present,  various  designs  of  separators  are  being  employed;  there  are  no 
reliable  data  that  characterize  the  comparative  advantages  of  the  designs  in  use. 

In  turbine-construction  practice,  two  basic  types  of  moisture  collectors 
are  applied.  The  first  type  includes  devices  which  use  the  effect  of  separation 
of  water  droplets  under  the  action  centrifugal  forces;  the  second  type  includes 
devices  in  which  moisture  suction  on  the  periphery  of  a  stage  is  additionally 
utilized. 

We  shall  consider  some  of  the  most  popular  designs  of  moisture  collectors. 
Figure  347  shows  diagrams  of  the  first  type  which  is  employed  by  domestic  and 

and  foreign  turbine-construction  firms.  The  moisture 
collector  (see  Fig.  347a)  consists  of  moisture¬ 
collecting  channel  3  and  a  moisture -retaining  chamber 
2  with  projections  4  and  drain  channels  1.  A  short¬ 
coming  of  this  design  is  the  relatively  narrow  and 
long  moisture-collecting  channel. 

b)  A  characteristic  feature  of  the  moisture- 

Fig.  347.  Diagrams  of 

moisture  collectors  with-  collecting  system  of  the  GE  Company  (see  Fig.  347b) 
out  vapor  suction  for  low- 

pressure  steam  turbine  is  the  shorter  and  wider  inlet  channel.  Furthermore, 

stages:  J  --  drainage  of 

moisture;  2  —  moisture-  moisture  is  collected  behind  the  nozzle  cascade  of 

retaining  chamber;  3  — 

moisture-outlet  ducts;  4  —  the  last  stage  in  this  case,  which  decreases  the 
mols  ture -re taining 

projection.  intensity  of  erosion.  The  design  shown  in  Fig,  347c 

permits  separation  behind  the  nozzle  and  moving  cascades  through  one  moisture -outlet 
channel  3  into  a  common  chamber  2. 
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Domestic  turbine  designs  have  also  worked  out  certain  progressive  solutions 
and,  in  particular,  individual  separation  of  moisture  behind  the  nozzle  and  moving 
cascades  is  performed  (KTZ,  LMZ,  and  KhTGZ  designs).  The  most  promising  designs 
are  those  with  repelling  projections  which  are  being  applied  in  the  latest  models 
of  large  turbines  of  KhTGZ. 

Figure  348  gives  diagrams  of  moisture  collectors  with  vapor  suction.  The 
design  illustrated  in  Fig.  348a  employs  suction  into  a  condenser  by  one  channel 
which  is  connected  to  the  outlet  channels  of  the  last  two  stages.  The  cutlet 
channels  are  very  long,  and  consequently,  they  have  increased  resistance,  Since 
there  is  ho  collecting  chamber,  the  suction  system  must  provide  for  considerable 
velocities  which  would  stop  the  moisture  from  falling  back  into  the  flow  area; 

Another  type  moisture  collector  with  suction  is  shown  in  Fig.  348b.  Here, 
besides  the  very  well-developed  system  of  moisture  collectors,  separating  sheets 

are  employed,  the  purpose  of 
which  reduces  to  separating 
the  wettest  peripheral  layer 
of  steam  and  draining  it  into 
a  condenser  (past  the  rotor 
blades) . 

Another  promising  device 
is  the  one  with  guide  inserts 
in  the  moisture-outlet  channel 
(see  Fig.  348c).  The  guide 
inserts  prevent  the  return  of 
condensed  steam  from  the  upper 
part  of  the  chamber  and  guide  it 
into  the  lower  part  of  chamber,  and  from  there  the  moisture  is  absorbed  into  the 
condenser. 

This  brief  survey  of  the  types  of  moisture  collectors  chows  the  large  variety 
of  designs  employed  by  various  firms.  The  operational  experience  of  various  machines 
confirms  that  the  design  of  moisture  collectors,  their  location  with  respect  to  the 
rotor  wheel  and  nozzle  cascade,  the  size  of  the  clearances,  the  width  of  the  blades, 
the  presence  or  absence  of  a  shroud  on  the  rotor  blades,  etc.  all  have  an  influence 
on  the  effectiveness  of  separation. 


a)  b) 

Fig.  348.  Diagrams  of  moisture  collectors  with 
vapor  suction  for  low-pressure  steam  turbine 
stages:  a  —  1  —  moisture -out let  channels;  2  — 
suction  chamber;  b  —  1  —  moisture-ouclet 
channel  2  —  moisture -retaining  chamber;  3  — 
moisture -separating  sheets,  c  -  1  -  diaphragm; 

2  —  parts  for  suction  of  steam-water  mixture; 

3  —  guide  inserts. 


-371- 


C 


However,  there  are  still  no  complete  experimental  data  concerning  the  com¬ 
parative  merits  of  the  various  designs  moisture  collects  and  the  influence  of  the 


most  importan'  performance  and  geometric  stage  parameters  on  the  effect  of  separation. 

At  the  same  time,  certain  investigations  of  moisture  separation  in  moist  steam 
and  air  are  presently  being  conducted;  these  studies  make  it  possible  to  evaluate 
the  individual  designs  of  such  devices.  The  expediency  of  moisture  separation  behind' 
a  nozzle  cascade  was  shown  in  the  BITM  projects.  Partial  removal  of  moisture  before 
the  rotcr  wheel  decreases  the  erosion  of  rotor  blades  and  reduces  additional  stage 
losses. 


B.  M,.  Yablonik  investigated  the  effectiveness  of  the  three  types  of  moisture 
collectors  that  are  shown  in  Fig.,  3A9»  These  designs  differed  in  dimensions  and  shape 


for  three  types  of  moisture  collectors; 
according  to  R.  M.  Yablonik  (BITM);  stage 
e  =  7.35;  o1  -  13°;  Mcl  *  0.3;  Recl  « 

5*10“>;  for  different  values  of  As^  -  the 

width  of  the  moisture-outlet  channel  and  the 
dimensions  of  the  axial  clearance  5a. 

a  channel  inclined  at  an  angle  of  40°  and  a 


of  the  outlet  channel,  and  also  in 
the  size  of  the  closed  axial  clearance 
at  the  periphery.  A  result  of  these 
experiments  was  the  obtainment  of  a 
dependence  of  the  moisture-removal 
factor: 


where  q  is  the  quantity  of  outgoing 
moisture; 

q  is  the  quantity  of  moisture 
supplied  to  a  stage, 
depending  on  the  degree 
of  moisture  in  the  presence 
of  open  axial  clearances 
&a  (see  Fig.  3^9). 

With  a  practically  identical 
width  of  the  outlet  channel  (As^  ~ 

~  6  mm),  the  best  results  are  obtained 
with  a  moisture  collector  that  has 
imooth,  rounded  entrance  (model  C). 


With  the  increase  of  the  clearance,*  the  effectiveness  of  all  models  increases,  and 


x'L’he  distance  between  the  trailing  edges  of  the  nozzle  cascade  and  the  back 
edge  of  the  channel. 


especially  intensely  in  the  case  of  model  C.  Considerable  better  results  were 
exhibited  by  model  B  with  a  straight,  short  channel.  Model  A,  with  the  long, 
straight  moisture-outlet  channel,  is  the  least  effective. 

The  moisture-removal  factor  increases  as  the  degree  of  moisture  increases, 
whereby  the  intensity  of  the  increase  of  qs  burns  out  to  be  greater  for  model  C. 

Model  C  was  tested  with  positive,  zero,  and  negative  overlaps,  whereby  the 
Introduction  of  the  zero,  and  all  the  more  so,  the  negative  overlap,  promoted 
a  noticeable  increase  in  the  moisture -removal  factor.  An  increase  of  the  channel 
width  increases  the  effectiveness  of  models  A  and  B. 

Investigations  of  several  types  of  moisture  . -electors  placed  behind  rotor 
blades  are  conducted  at  TsKTI  by  A.  N.  Astafyev  [4]. 

Four  models  are  shown  in  Fig.  350.  Model  I  was  made  with  guide  inserts  5 
which  prevent  the  moisture  from  falling  into  the  flow  area.  Model  II,  III,  and  IV 

differ  only  in  the  shape  of 
the  moisture-retaining  ring  7. 

The  effectiveness  of  the 
device  was  characterized  by 
the  following  quantity: 

where  q  is  the  quantity  of 
moisture  behind  a  stage. 

The  results  of  the  tests  show 
that  model  I  is  more  effective 
under  all  conditions.  The 

Fig.  350.  Effectiveness  of  four  types  of  designs 

of  moisture  collectors  placed  behind  moving  quantity  of  separated  moisture 

cascades  (TsKTI  data  [4]):  1  -  with  guide  in¬ 
serts;  II,  III,  IV  —  with  different  moisture-  here  reaches  24$  with  the  degree 

retaining  ducts  and  no  guide  inserts;  1  -  casing 

of  device;  2  —  moisture-collecting  chamber;  3  —  of  moisture  behind  the  stage 
port  for  steam  suction;  4  -  annular  moisture- 
outlet  channel;  5  and  6  —  guide  inserts;  7  -  Xp  =  8.5$. 

moisture-retaining  ring;  8  —  radial  moisture - 

outlet  channels;  9  -  rotor  blade.  Models  II  and  III  have 

practically  identical  effective¬ 
ness  (q^  jjj  =  14$) ;  model  IV,  with  the  indicated  moisture  content,  separates 
the  moisture  somewhat  bettor  (q^y  =  17$). 


The  advantages  of  model  I  become  especially  noticeable  in  the  organization  of 
the  suction.  In  this  case,  when  x2  =  8;5&  qfj  =  30*,  =  18*,  and  = 

=  21Jb. 

Interesting  data  concerning  the  influence  of  certain  design  parameters  of  a 
moisture  collector  behind  rotor  blades  and  a  stage  of  the  effectiveness  of 
separation  were  obtained  in  the  works  of  R.  M.  Yablonik  with  moist  air  [129]. 
Diagrams  of  models  of  the  tested  device  are  shown  in  Fig;  351. 

A  stage  (0  *»  10)  with  twisted  rotor  blades  and  no  shroud  was  tested.  Models  I, 
III,  IV,  and  V  differ  by  the  presence  and.  location  of  the  moisture -retaining 
projections.  Model  II  is  similar  to  model  I,  but  it  has  a  partially  open  end 
surface  of  unshroud  rotor  blades.  Model  V  has  a  long  moisture-outlet  channel. 

Figure  351  gives  the  dependences  of  the  moisture-removal  factor  on  the  degree 
of  moisture.  The  distance  between  the  trailing  edges  of  the  rotor  blade  and  the 


Fig.  351-  Diagrams  of  models  of  a  moisture 
collector  and  their  characteristics,  q', 
depending  upon  moisture  content  and  design 
parameters;  according  to  BITM  experiments: 

1  —  nozzle  cascade;  2  -  moving  cascade;  3  — 
front  wall  of  moisture -out let  channel;  4  — 
back  wall  of  moisture-outlet  channel. 


back  wall  of  the  moisture-outlet 
channel  As2  was  selected  as 
identical  (As2  =  15  mm) .  The  open¬ 
ing  of  the  end  surface  of  the  rotor 
blades  amounted  to  AB  =  5  mm  (AB  = 

P-  ~  14*). 
a2 

The  experiments  showed  that 
the  effectiveness  of  separation 
increases  with  the  increase  of  the 
degree  of  moisture,  especially  for 
small  values  of  x»  This  result 
is  obvious,  since  the  dimensions 
and  the  mass  of  the  droplets, 
and  consequently,  the  centrifugal 
forces  acting  on  the  droplets, 
increase  as  the  moisture  increases. 


The  experiments  confirmed  that  partial  opening  of  the  end  surface  of  a  blade 
(model  II)  essentially  increases  the  effectiveness  of  separation,  since  in  tills 
design  a  considerably  greater  quantity  of  moisture  goes  into  the  moisture-outlet 
channel.  An  increase  of  the  opening  AB  (see  Fig.  351)  will  lead  an  increase  of  the 
effect iven'  ss  of  moisture  removal;  however,  the  stage  efficiency  will  then  decrease. 
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The  experiments  conducted  by  the  author  showed  that  a  relative  opening  cf  AB  s  20 
to  25#  does  not  cause  a  noticeable  lowering  of  efficiency.  In  this  connection,  let 
us  note  the  efficiency  of  a  stage  only  slightly  depends  on  the  quantity  of  moisture 
separated.  This  result  indicates  that  the  stagnation  influence  of  the  moisture 
droplets  does  not  render  as  large  an  influence  on  efficiency  as  was  assumed  earlier. 

These  experiments  resulted  in  an  evaluation  of  the  influence  of  the  width 
of  the  moisture -outlet  channel  ASg  on  the 'effectiveness  of  separation.  The 
corresponding  results,  which  are  shown  in  Fig.  351,  confirm  the  expediency  of 
employing  wide  moisture-outlet  channels.  With  the  application  of  narrow  channels, 
just  as  with  complete  closure  of  the  end  surface  of  the  blades,  some  of  the  moisture 
falls  back  into  the  steam  flow  and  goes  into  the  following  stage. 

The  author  also  estimated  the  influence  of  overlap  Ar  (see  Fig.  351)*  With 
the  decrease  of  Ar  from  4. 5  mm  to  0,  the  coefficient  q1  increased  by  15  to  20# 
with  the  degree  of  moisture  x  =  4  to  14#.  These  experiments  confirmed  the  expediency 
of  employing  "moisture-repelling"  projections. 

Of  importance  are  the  number  and  location  of  the  moisture-retaining  projections 
that  prevent  the  return  of  moisture  and  ensure  the  best  conditions  of  moisture 
outlet  into  the  chamber  and  the  drain.  The  results  of  comparative  tests  of  models 
I,  III,  IV,  and  V  show  that  designs  III  and  IV  have  approximately  identical  effective¬ 
ness,  and  model  I  has  a  maximum  coefficient  q1 .  Moisture  is  removed  in  model  V 
in  the  poorest  manner. 

An  investigation  of  the  effect  of  projection  height  h  showed  that  a  decrease 
of  this  parameter  improves  the  work  of  the  separating  device.  Inclination  of  the 
back  wall  of  the  channel  impairs  the  separation  conditions,  since  the  entrance  to 
the  moisture -retaining  chamber  is  then  closed. 

The  separating  ability  of  a  stage  is  influenced  by  some  of  its  geometric 
parameters,  in  particular,  the  outlet  angles  of  the  nozzle  (a^)  and  moving  (pg) 
cascades,  and  also  the  ratio  0  =  d/l  and  the  axial  clearance  &a* 

Between  the  quantities  0,  a1,  and  6a  there  exists  a  dependence  which  is 
approximately  established  from  the  condition  that  the  moisture  droplets  which  leave 
the  nozzle  cascade  fall  into  the  area  of  the  peripheral  section.  This  condition 
determines  the  size  of  the  necessary  axial  clearance,  6Q,  depending  on  and  9. 

Assuming  that  only  part  of  the  moisture  proceeding  from  the  upper  portion  of 
the  nozzle  cascade  should  be  separated  in  the  clearance,  this  dependence  can  be 
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obtained  in  the  following  form  [5]: 

_  Jtoj-  |/2«+l. 

•i  * 

It  follows  from  this  that  the  minimum  axial  clearance  that  is  necessary  for 
separation  of  moisture  decreases  as  8 ,  c^,  and  the  height  of  the  nozzle  cascade 
decrease.  However,  even  under  the  assumed  condition  of  separation  of  moisture  only 
from  the  upper  half  of  the  nozzle  cascade,  the  necessary  axial  clearances  are 
very  large. 

Final  selection  of  the  axial  clearance  should  be  performed  taking  into  account 
the  influence  of  the  clearance  on  the  aerodynamic  losses  in  the  stage  (see  §  40). 

In  particular,  it  is  necessary  to  consider  the  additional  losses  due  to  friction, 
swirling  of  the  flow,  the  vortex  effect  in  the  stage,  and  also  the  influence  of 
nonuniformity  at  the  entrance  .to  the  moving  cascade. 

Wjth  the. increase  of  the  clearance,  the  additional  losses  due  to  friction  and 
losses  due  to  expansion  of  the  flow  in  the  clearance  increase.  Furthermore, 
the  degree  of  moisture  increases  in  the  root  sections,  which  is  caused  by  the 
vortex  effect  (see  §  35  and  41)  and  leads  to  more  intense  supercooling  of  steam  in 
these  sections. 

For  these  reasons,  in  spite  of  the  favorable  influence  of  the  decreasing 
nonuniformily  at  the  entrance  to  the  moving  cascade,  the  size  of  the  axial  clearance 
min  s*loul'<*  be  selected  on  the  basis  of  an  experiment  that  takes  into  account  the 
influence  of  all  the  ennumerated  factors. 


-576- 


V.  Graphs  of  functions  for  calcu-  VI.  Velocity  of  propagation  of 

lating  the  depth  of  impulse  losses  small  disturbances  (velocity  of 

of  a  turbulent  boundary  layer  at  sound)  depending  on  the  degree 

moderate  and  large  longitudinal  of  dryness  and  the  saturation 


pressure  gradients 


temperature  for  steam,  accord¬ 
ing  to  V.  V.  Sychev  (MEI) 
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